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FOREWORD 


The  Wave  Propagation  Laboratory  acts  as  the  focal  point  within  NOAA  for 
the  development  and  research  application  of  new  methods  for  remote  sensing 
of  man's  geophysical  environment.  Since  its  creation  in  May  1967,  the 
Laboratory  has  pioneered  in  the  development  and  application  of  a  large 
number  of  new  remote  sensing  methods,  involving  the  use  of  optical,  radio 
and  acoustic  waves.  The  new  techniques  have  many  significant  advantages 
over  standard,  in  situ  methods;  in  particular,  it  is  often  possible  to 
provide  the  researcher  with  one-,  two-  or  three-dimensional  data  sets 
possessing  excellent  continuity  and  resolution  in  both  time  and  space. 
These  new  data  sets  are  already  providing  important  new  insights  into 
atmospheric  processes. 

This  fourth  volume  of  Collected  Reprints  comprises  work  published  by  WPL 
authors  between  1  January  1974  and  31  December  1975.  The  papers  included 
in  this  volume  have  been  selected  to  minimize  duplication  or  extraneous 
material;  for  this  reason,  only  abstracts,  rather  than  the  full  text, 
of  WPL/NOAA  Technical  and  Memorandum  Reports  are  included. 

It  is  hoped  that  this  and  subsequent  volumes  of  the  papers  incorporating 
our  research  will  provide  a  convenient  and  helpful  compilation  for  use 
by  colleagues  in  many  fields.  Remote  sensing  is  still  a  specialized 
field,  regarded  as  somewhat  peripheral  by  most  atmospheric  and  oceano- 
graphic  research  workers;  we  believe  that  these  volumes  will  be  partic- 
ularly useful  in  demonstrating  to  our  colleagues  in  these  fields  some 
of  the  unique  advantages  of  remote  sensing. 

C.    Go^dgjj^L4rirtte^Divector 
Wave  Propagation  Laboratory 
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Turbulent  spectral  broadening  of  backscattered  acoustic  pulses 

Edmund  H.  Brown 
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The  analysis  studies  the  broadening  of  the  frequency  spectrum  of  an  acoustic  plane-wave  pulse 
backscattered  into  a  finite-angle  receiver  by  the  action  of  a  transverse  mean  wind  which  moves 
turbulent  velocity  and  temperature  fluctuations  through  the  beam    The  results  include  the  frequency 
spectrum   Hk)  of  the  acoustic  pressure  as  a  function  of  wavenumber  and  the  spectral  equivalent 
width   b ,   as  a  function  of  mean  transverse  wind  speed  and  receiver  aperture.   For  broad  beams,  both 
temperature  and  velocity  fluctuations  contribute  to  the  apparent   1 80°-backscatter  intensity,  and  the 
contributing  eddy  scales  vary  from  X/2  to  X/V2.  Again  for  broad  beams  and  for  typical 
experimental  parameters  for  atmospheric  echosondes,  the  broadening  effects  of  mean  transverse  wind 
in  the  scattering  volume  outweigh  the  broadening  effects  of  turbulence  transported  by  a  mean 
transverse  wind  during  propagation  to  the  scattering  volume    However,  as  the  receiver  beam  angle 
decreases,  the  spectral  broadening  drops  to  zero,  regardless  of  mean  wind.   Figures  are  included  to 
show  the  effects  of  wind  broadening  for  the  case  of  intermediate  receiver  beam  angles 

Subject  Classification:  28  40,  28.60;  20.30 


INTRODUCTION 

The  new  technique  of  acoustic  echo  sounding  provides 
a  powerful  tool  for  probing  atmospheric  structure.    In 
simplest  form— the  monostatic  configuration— an  atmos- 
pheric echosonde  operates  in  two  steps:    first,  trans- 
mission of  a  pulse  with  given  carrier  frequency  and 
simple  envelope  shape  into  the  turbulent  medium  in  a 
desired  direction,  and  second,   reception  of  the  wave 
backscattered  from  turbulent  refractivity  fluctuations, 
using  the  same  transducer  gated  to  a  later  time  deter- 
mined by  the  desired  range.    The  technique  involves  a 
pulse  characteristic  length  which  produces  an  interac- 
tion time  with  the  scattering  layer  much  less  than  the 
eddy  turnover  time.    As  an  example,  by  the  Kolmogorov 
inertial- range  law,  an  extremely  high  dissipation  rate 
of  0.  04  m2/sec3  corresponds  to  an  rms  velocity  fluctua- 
tion of  about  0.  5  m/sec  over  a  0.  5-m  distance  (a  typi- 
cal wavelength).    Defining  the  eddy  turnover  time  as  the 
ratio  of  eddy  scale  to  velocity  fluctuation  gives  a  turn- 
over time  of  approximately  1  sec.    However,  typical 
atmospheric  echosonde  pulse  lengths  range  from  0.02 
to  0. 10  sec.    Then,  in  zero  mean  wind,  the  backscatter 
process  cannot  change  the  shape,  only  the  strength  of 
the  spectrum  of  the  acoustic  pressure.    Effectively, 
without  wind,  the  turbulence  has  no  time  dependence  and 
cannot  generate  frequency  broadening.    Existence  of  a 
mean  wind  in  the  direction  of  the  acoustic  beam  also 
leaves  the  spectral  shape  essentially  unchanged.    In- 
stead, such  a  parallel  wind  produces  a  shift  of  the 
whole  spectrum  given  by  the  familiar  Doppler  formula. 

Introduction  of  a  mean  wind  transverse  to  the  acoustic 
beam  alters  the  physical  conditions.     For  example, 
turbulence  with  an  inner  scale  of  1  cm  moving  with  a 
moderate  crosswind  of  10  m/sec  has  an  effective  max- 
imum characteristic  frequency  of  1000  Hz.    Thus,  the 
combination  of  turbulence  and  transverse  wind  creates 
a  measurable  random  modulation  of  the  pulse  fre- 
quencies.   In  turn,   such  a  random  frequency  modulation 
produces  a  nonnegligible  broadening  of  the  frequency 
spectrum.    An  earlier  paper  of  Brown1  obtained  the 
general  solution  for  an  acoustic  pulse  propagating 


through  moving  turbulence.    Two  later  papers  of  Brown 
and  Clifford2,3  applied  the  forwardscatter  part  of  the 
general  solution  to  the  similar  broadening  of  the  power 
spectrum  of  the  pressure,  and  the  power  spectrum  of 
the  amplitude  by  a  transverse  wind.    This  paper  an- 
alyzes the  effects  of  such  a  crosswind  on  the  back- 
scatter  process  and  compares  the  results  with  the  for- 
wardscatter broadening  expected  in  the  propagation  of 
the  pulse  to  and  from  the  scattering  volume. 

I.    SCATTERED  FIELD 

In  accordance  with  previous  papers, 1-3  the  analysis 
uses  the  following  symbols:    spatial  coordinates  x{ , 
i  =  1,  2,  3;  spatial  coordinates  in  the  plane  perpendic- 
ular to  the  direction  of  propagation  of  the  initial  wave 
xa,   a=l,   2;  the  related  three-  and  two-dimen- 
sional Fourier  cordinates  Kt  and  Ka;  the  mean  speed 
of  sound  c0;  the  time  t  and,  for  convenience,  the  equiv- 
alent length  ri=c0t;  the  related  Fourier  angular  fre- 
quency <x>  and,  again  for  convenience,  the  wavenumber 
&  =  w/c0;  the  angular  carrier  frequency  u>0  and  the  equiv- 
alent wavenumber  k0  =  w0/c0  =  2it/\,  with  X  the  wave- 
length; the  vector  components  of  the  mean  wind  wi  and 
their  related  dimensionless  Mach-vector  components 
mi=wi/c0;  the  spatial  derivatives  8,  =/9x(,  da  =  d/dxa, 
and  the  Laplacian  A2  =  3,  a,,  with  repeated  subscripts 
implying  summation;  the  radius  of  the  receiver  aperture 
r  (the  single-scatter  assumption  implies  that  the  initial 
sound  field  remains  a  plane  wave  until  backscattered); 
and  the  receiver  aperture  radius  p  =  r/\  measured  in 
wavelengths. 

The  tranformations 


and 


F(xi}  k)  =  (2n)-1  J    *)ew,,/(x„ij) 
/Ui,7))  =  J    dke-ivkF(xifk) 


associate  any  function  (or  measure)/ (xly  r\)  with  its 
Fourier  time  transform  F(xi,k)  =  Sf(xl,r\).  These 
transformations  apply,   in  particular,  to  the  acoustic 
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pressure  P(x{,k)  =  $ />(*,,  rj)  and  the  refractive  index  fluc- 
tuation field  N'(xt,  k)  =  5n'(xi,  77).    Inaddition,  the  Fourier 
transform  associates  the  product  of  two  functions/^)  #(73) 
with  the  convolution  product  F(k)  *  C(k)  defined  by 


F(k)*G(k) 


dk'Fik  -k')C(k') 


The  sign  *  alone  usually  represents  the  convolution 
product;  these  studies,  however,   require  convolution 
with  respect  to  a  number  of  different  variables  in  addi- 
tion to  the  wavenumber  k.    Thus,  the  addition  of  the  sub- 
scripts (such  as  *,   *)  serves  to  prevent  confusion  or 
lack  of  clarity. 

When  P  is  the  initial  acoustic  field  and  P'  the  (singly) 
scattered  field,  the  generalization  of  the  equation  given 
by  Tatarskii4  to  the  case  found  by  Brown1  for  acoustic 
pulses  propagating  through  turbulence  moving  with  a 
mean  wind  becomes 


V2P'  +(k  +  inij  djfP'  =  2  9f  (N'  * 3,  P) 


(1) 


This  study  assumes  an  initial  plane-wave  pulse  propa- 
gating through  a  turbulent  atmosphere  in  the  vertical  or 
z  direction: 

£Ui:7))=d0(2-T7)<?iV<-'»   , 

where  d0  is  the  shape  of  the  moving  pulse  envelope. 
(The  idealization  of  the  actual  incident  wavefront  by  a 
plane  wave  would  seem  to  be  reasonable  when  the  range 
R  is  substantially  larger  than  the  outer  scale  L0. )    The 
equivalent  Fourier  transform  is  P{xt  ,k)  =D0(Ak)e"", 
with  Afc  =  k  -  k0 .    The  characteristic  half-length  /  of  the 
pulse  is  defined  by  I  =  rr£)0(0)/rf0(0).     From  Taylor's 
hypothesis  applied  to  a  system  moving  with  the  mean 
wind, 


n'(xi,T})=       dip(Ki)exp[iKj(xj- mj-q)] 
iV'Uj.fc)  =  I  d<MK,)6(&  -  m j  k j)  expitK ,  x ,)  , 


(2) 


(3) 


where  6  is  the  Dirac  measure  and  d<p  is  the  Fourier- 
Stieltjes  measure4  for  homogeneous  turbulent  refractiv- 
ity  fluctuations.    With  the  additional  assumption  of  a  solely 
horizontal,  or  transverse  mean  wind,  the  backscatter 
part  of  the  general  solution  found  by  Brown1  becomes 

P'b„k)=fd<l>{Kl)exp(iKaxa)kaD0{*ka)   expfefc.-it,)]  , 

(4) 
Here  *a  is  an  abbreviation  for  k  -maKa,  Aka  =  ka  -  k0,qa 
=  ±v/£a-  K2  for  fc<0,  with  kz=  KaKa  the  square  of  the  mag- 
nitude of  the  two-dimensional  Fourier  coordinate  to  dis- 
tinguish from  the  three-dimensional-magnitude  squared 
/c2  =  k(k{  .  (The  sign  change  of  k3  from  that  in  Brown1  facili- 
tates the  following  analysis— a  change  which  merely  re- 
quires a  redefinition  of  d<p  without  altering  the  results.) 

For  a  given  range  R,   represent  the  time-gated  re- 
ception by  d,U  +7]  -  2R),  where  dt  has  the  same  charac- 
teristic half-length  I  as  d0  but,  for  generality,  an  other- 
wise arbitrary  shape.    After  transforming  to  the  k  do- 
main, the  received  pressure  wave  pi  =  dip'  at  the  ground 


z  =0  becomes 

P10f„,*)={ea<*i8D1^)}*P'Uol,fe) 


(5) 


If  k '  is  the  integration  variable  within  the  convolution 
Eq.   5,  the  transformation  k' ~k'  +  ma  Ka  changes  the 
form  of  Eq.   5  to 

Pl(xa,k)  =  j dct>{ici)exp(iKaxa  +  2ikaR)Q(,R,Ki)  . 

Then,  averaging  over  a  receiver  aperture  of  radius  r 
to  give  Pt(/j)  =  {irrz)~lfdaPl(xa,k),  and  using  the  fact  that 
!adzxaexp(iKaxa)  =  2J1(icr)/(Kr)  when  r<°°,  yields 


PtU0=  j'd<f>(*J)t2J'1(ftr)/(»tr)]exp(2ife<,fl)Q(R,K,)  ,       (6) 
re 
QUl,K{)=Jdk'k'D0te'-k0)Dl(kct-k') 


where 


(7) 


k  '  -  K3  +  V*'2-K2       ' 

When  r-°°,  !  dzxaexp(tKaxa)~  4jr25(Ka)  and 

Q(fl,rC4)-J  dk'k'Da(k'  -ka)Dx(k-k')  —, — —     . 

Since  k0  >  0  and  k0l  »  1,  the  factor  D0(k'  -  k0)  ensures 
that  only  positive  values  of  k'  contribute  significantly 
to  the  k'  integral    Eq.  7.    Inaddition,  values  of  0  £  k' 
<  k  make  the  quantity  V£'2  -  k2  imaginary.    For  such 
values  Eq.  7  represents  an  evanescent  wave  (or  damped 
exponential)  rather  than  an  oscillatory  wave.    (The  case 
qz  <  0  in  the  Eq.  29  of  Brown1  for  the  Green's  function 
also  indicates  the  unphysical  nature  of  the  solution. ) 
Conversion  of  the  k '  integral  to  a  complex  contour  in- 
tegral as  in  McLachlan5  shows  that  omission  of  the 
values  0<£'<  it  corresponds  to  retaining  the  integra- 
tion around  the  simple  pole  in  the  integrand  and  dis- 
carding the  integration  on  a  closed  path  around  the  two 
branch  points  ±ik  and  the  branch  line  between  them. 

Keeping  only  the  pole  in  the  integrand  of  Eq.  7  im- 
plies the  following  inequalities  for  the  variables:  O^k 
<*'<K,<2t'.    For  k*k%,  the  quantity  k '  -  k3  -  V*'2  -  <c8 
does  not  vanish  at  the  pole.    Multiplying  numerator  and 
denominator  of  the  integrand  by  the  above  quantity 
changes  Eq.  7  to 

Q(R,Ki)  =  -(2K3Y1fdk'k'D0(k'-k0)Dl(ka-k')e-Zik'R 

k'-K3-Jk'2-K*  (8) 

where  kt  =  («|  +  k2)/2k3.    Converting  Eq.  8  to  a  complex 
contour  integral,  assigning  the  analytic  factors  their  val- 
ues at  the  pole  k'  =  ku  and  noting  that  -  Vfc? -  k2  =  kl-  ks, 
the  principal  value  with  respect  to  ki  of  Eq.  8  becomes 

Q(R,  k()  =  2m   **(*»  ~  K*]  e-"**  £„(*!  -  k0)D,(ka-k,).     (9) 

K3 

When  k  =  k3)  &!=K3andEq.  9  becomes  zero.    Although 
the  multiplication  by  k'  -  k3  -  ^kn  -  ir  to  change  from 
Eq.  7  to  Eq.  8  becomes  improper  when  k  =  k3,  the  rule 
given  by  McLachlan5  that  [f(z)/g'(z)],.a  equals  the  resi- 
due oi  f(z)/g(z)  at  the  simple  pole  z  =a  of  g(z)  gives  the 
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same  zero  value  of  Q. 

When.K«K3,  kx  =  K3/2  and  K3~2k0.    Or,  equivalently, 
the  eddy  dimension  l3  in  the  propagation  direction  be- 
comes equal  to  a  half  wavelength,  Z3  =  X/2.    Then,  P' 
becomes  a  coherent  plane  wave  with  phase  -  2k0R,  but 
random  amplitude.     Examing  the  phase  -  2kxR  =  -  k3R 
-i?R/k3  of  Q  shows  that  the  initiation  of  appreciable 
phase  incoherence  occurs  when  i^R/k3~  ti.    As  k  in- 
creases, k3  decreases  toward  k0  =  2n/\.    Let  L  =  2ti/k 
define  the  transverse  dimension  of  a  refractivity  eddy. 
Then,  phase  incoherence  begins  when  L  decreases  to 
the  Fresnel  zone  radius  VXi?.     Further  reduction  in  L 
lowers  the  amplitude,  which  becomes  zero  at  L  =  X 
since  the  factor  kt  -  k3  in  Eq.  9  vanishes  for  this  value. 

Suppose  all  the  important  eddy  sizes  lie  between  an 
inner  scale  /„  and  an  outer  scale  L0.    To  obtain  solu- 
tions for  electromagnetic  scattering,  Tatarskii4  intro- 
duces the  condition  X«/0.    The  condition  «<i'  (or 
X'<L)  used  in  evaluating  Eq.  7  implies  that  eddies 
larger  than  Z0  contribute  to  the  total  field  as  long  as 
x'<L0and,  thus,   X<L0.    This  result  agrees  with  the 
analysis  of  Clifford  and  Brown,6  which  shows  that  the 
weaker  inequality  X  <  L0  replaces  the  requirement 
*  « l0. 

To  obtain  solutions,  Tatarskii4  also  introduces  the 
farfield  condition  L2«  \R,  permissible  since  his  anal- 
ysis concerns  scattering  from  finite  volumes.     Even 
though  the  pulse  gating  limits  the  vertical  extent,  how- 
ever, a  "farfield"  never  exists  for  scattering  of  an 
infinite  plane  wave  by  a  semi-infinite  turbulent  atmos- 
phere.   Therefore,  this  study  includes  both  "coherent" 
contributions  (for  LZ>KR)  and  "incoherent"  contribu- 
tions (for  L2<  \R)  to  the  total  field.    In  a  sense,  Tatar- 
skii's  solutions  and  the  solutions  here,  for  the  zero- 
wind  limit,   represent  two  complimentary  theoretical  ap- 
proximations to  experimental  echo  sounding  techniques. 
The  requirement  of  stationary  solutions  in  the  presence 
of  a  nonzero  mean  transverse  wind  underlies  the  differ- 
ent choice  of  physical  model  in  this  study. 

II.    FREQUENCY  SPECTRUM 

Assume  an  infinite  sequence  of  pulses  and  their  gated 
reception.    Given  an  arbitrary  time  delay  t,  the  set  of 
all  time  averages  over  a  pulse  length  about  times  that 
are  integral  multiples  of  2R/c0  represents  a  stationary 
random  process.    Brown  and  Clifford2  give  a  detailed 
demonstration  of  the  result  that  the  power  spectrum  of 
such  a  random  process  is 


I{k)  =  c0I{u>)  =  (i,/l)(P1(k)Pl(k))  , 


(10) 


where  the  superscript  t  indicates  the  complex  conjugate 
and  the  angular  brackets  denote  ensemble  averaging 
over  the  set  of  all  received  pulses.    Substituting  Eq.  9 
into  Eq.  6,  the  result  into  Eq.  10,  and  introducing  the 
property  of  the  three-dimensional  isotropic  turbulence 
spectrum  *„, 


WKjW^UI))  =*»«(«,  -K[)dK{dK[  , 


(11) 


l(k)  =  (n/l)4n2  fd3Kt   fei(\  *3)Z    [2J,(*r)/(»')p 

X*„fe)0g<rtt-*o)0it*a-*t)'  (12) 

Use  of  kx  as  an  integration  variable  in  place  of  k3 
simplifies  the  evaluation  of  Eq.   12.    Also,  fixing  the 
value  of  k'  at  the  pole  £,  changes  the  condition  KSfc'  to 
the  inequality  k  <kl.    The  definition  fc,  =  Uf  +  /r2)/2*3 
implies  k3  =kx  +  -Jkf  -  k2  ,  and  the  expanded  form  of  Eq. 
12  becomes 


I(k)  =  (n/l)   (    dk1kz1Dia(k1-k0)S(kl,m)  , 
where 


(13) 


that  (no  sum  on  i)  gives  the  power  spectrum  of  the  pres- 
sure in  the  form 


S(ki,m)=4i,'j      dKK  k     "}#*_#     [2J1Ur)/()fr)]2 

x*„((c)  f  '  depute -ki-niKcosQ)  ,  (14) 

•'o 

with  K2  =  2k\  +  2k^k\-  k,  mz  =  mama,  and  (p  the  angle 
between  ma  and  Ka.    The  K  integration  adopts  a  more 
obvious  physical  meaning  after  the  transformation  k 
=  kx  sin(jr-  6),  where  9  is  the  scattering  angle  from  an 
element  of  scattering  volume  dV  at  a  distance  rs  and 
elevation  angle  6  -  tt/2  from  the  receiver.    In  addition, 
for  reasonably  large  pulse  lengths,  the  receiver  beam- 
pattern  factor  [2Jx(kxr  sin0)/(/?,r  sin0)]2  does  not  vary 
strongly  about  the  central  frequency  over  the  width  of 
the  spectrum  and,  thus,  approximately  equals 
[2  Jx(k0r  sin6)/  {k0r  sine)]2 .    Then  the  transformation 
changes  the  inner  integrals  (Eq.   14)  to 

S  =  4tt2*2  ('   d6  C°S\6f'le  [2J1(fe0rsine)/(fe0rsine)]2 
■  y / 2       ^sin  o/ c 

x*J2£,sin-]j     d(pl^(k  -kx  -  mkxcos4>  sine)  .       (15) 

The  elements  of  the  scattering  volume  V ,  which  con- 
tribute to  the  acoustic  energy  flow  at  the  receiver  lie  in 
a  spheroidal  shell.    Define  the  mean  radius  rs  of  the 
shell  as  the  locus  of  points  for  which  the  midpoint  of 
the  initial  pulse  corresponds  to  the  midpoint  of  the  re- 
ceiving gate.    The  mean  radius  rs  of  this  shell  must  sat- 
isfy the  condition  r,  +  r,sin(e  -  n/2)=2R,  which  implies 
rs  =  ,R/sin2(e/2).    The  thickness  of  the  shell  Ar3  satisfies 
rJ±ArJ/2  +  (r,  +  ArJ/2)sin(e-  n/2)  =  2R±l,  that  is  Ar, 
=  Z/sin2(0/2).    Thus,  the  mean  radius  of  the  shell  varies 
from  r,  =  R  at  the  zenith  to  r,  =  2R  at  the  horizon.    Sim- 
ilarly, the  thickness  of  the  shell  varies  from  Ar4  =  Z  at 
the  zenith  to  Ar3  =  2/  at  the  horizon.    A  ring-shaped 
volume  element  of  this  shell,  dV=  2nr2sin0ArJd0 
=  2ir//?2sin"6(0/2)  sin$d8,  contributes  an  energy-flow 
component  in  the  z  direction  equal  to  the  product  of 
cos26  and  the  energy  flow  in  the  r,  direction.    And  the 
energy  flow  in  the  r,  direction  is  inversely  proportional 
to  the  square  of  the  distance  rs.    Rewriting  Eq.  15  in  the 
form 

S=ifk\  j   dV^~^-  [2J,(fc0rsintf)/(Vsine)f*nfefe,sin!j 

f2' 

x   I      d<pE^(k-kx  -  w£tcos0sin0)  ,  (16) 

•'n 
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it  clarifies  the  physical  significance  of  the  factors  of 
the  integrand.    Except  for  the  limit  kar~  °°,  the  scatter- 
ing includes  contributions  from  a  range  of  eddy  sizes, 
and  from  both  temperature  and  velocity  fluctuations. 
As  k  =  2fe1sin(0/2)  varies  from  V"2~  kl  at  the  horizon  to 
2kl  at  the  zenith,  the  eddy  scale  transverse  to  the  rs 
direction  changes  from  X,  to  <*>,  and  the  scale  parallel 
to  rs  changes  from  \  to  \/2,  where  \  =  2n/kl.    Also, 
the  major  part  of  the  coherent  contributions  arrive  from 
pancake-shaped  eddies  near  the  zenith.    In  terms  of 
beamwidth,  the  requirement  \R  «  L2  for  coherence  im- 
plies the  coherent  contributions  fall  within  a  half-angle 
*  =  V  Ai?/L.    Equivalently,  large  eddies  act  in  a  similar 
way  to  a  large-aperture  antenna,  producing  a  narrow- 
backscatter  beam  angle.     For  kQr  -  0  the  beam-pattern 
weighting  factor  reduces  to  one.    With  increasing  k0r 
=  2m-/\,  however,  scattering  angles  near  8  =  n  receive 
more  and  more  weight,  while  the  scattering  elements 
near  the  horizon  6  =  n/2  becomes  less  and  less  effective. 
As  k0r—  °°  the  energy  flux  per  unit  receiver  aperture 
area  drops  to  zero,  but  the  total  energy  flow  remains 
constant.    Wheelon7  briefly  alludes  to  the  differences 
between  the  classical  farfield  and  volume-averaging  ap- 
proximations for  the  scattering  cross  sections  and  the 
detailed  description  of  theintensity  spectrum  achieved 
here  and,  for  zero  mean  wind,  obtains  the  cross  section 
in  the  form  of  a  series. 

Returning  to  Eq.   15,  the  4>  integrand  D2  has  some 
Fourier  transform  /a  or, 

£%{k  -kx-  w/?!cos0sin0) 

=  {2t)'x  f     rf7)/4(n)exp[tr7(fc-£1  -  wfcjcos^sine)]  .   (17) 

In  Eq.  17,  the  phase  r\(k  -kl  -  wA?1cos0sin0)  of  the  inte- 
grand differs  frorn  the  approximate  phase  r\{k  -  A-,-  »ik0 
xcos0sinf))  by  much  less  than  2tt  for  the  significant 
ranges  of  integration.    Taking  cos$sin0  =  1,  the  maxi- 
mum magnitude  of  the  phase  difference  A\  between  the 
exact  and  approximate  phases  becomes  A\  =  »ir)\k1  -  k0\ . 
The  function /a (n)  decreases  rapidly  for  n  outside  the 
range  (-21,21).    Similarly,  the  function  Dz)(kl-k0)  in 
Eq.  13  drops  quickly  for  £,  -  k0  outside  the  range  (-  it/l, 
■n/l).    Then,  since  m  «  1  always  hold  for  the  atmosphere, 
maxAx  =  m  ■  21  ■  n/l  =  2mn  «  2ir.    With'  the  above  phase  ap- 
proximation, the  0  integration  in  Eq.  15  becomes 

f2' 

d4>Df  (k  -  kx  -  wfc,cos0sinf?) 

-'o 

~\      dr)fJr])J0{mk0r}sine)exp[iri(k-k1)]  (18) 

1  Jmzk\smze  -(k  -A>,)2 

where  Y(x)  represents  the  Heaviside  step  function;  Y(x) 
=  0forx<0,  K(0)  =  1,  K(x)  =  1  for  x  >  0.  The  second  fac- 
tor in  the  convolution  product  (Eq.  19)  resembles  the 
wind-broadening  factor  found  in  Brown  and  Clifford.3 
When  m  =  0,  the  wind-broadening  factor  becomes  2ir6 
(*-*,),  and  Eq.  19  reduces  to  2nDz(k  -  fc,).  For  mkgl 
<  1  broadening  due  to  wind  remains  negligible.    For 


typical  values  of  l/X,  the  inequality  mk0!^  1  corresponds 
to  mean  winds  less  than  0.  5  m/sec.    The  remaining 
analysis  concentrates  on  the  case  where  mk0l>l. 

In  terms  of  the  energy  spectrum  E{k)  of  the  velocity 
fluctuations  and  the  temperature-fluctuation  spectrum 
*j.(k),  the  spectrum  *„(«)  of  effective  refractivity  fluc- 
tuations n   from  Brown1  becomes 


,  6      E{k) 

+  COS    7T s- y- 

2     AnK^C^ 


(20) 


The  factor  1/4  in  the  temperature  term  Eq.  20  arises 
from  the  perfect-gas  approximation  c„/(c0  +  c')  =  l  -  T'/ 
2T0,  and  the  factor  (47TK2)"1  in  the  velocity  term  results 
from  the  isotropy  relation  between  the  trace  of  the  ve- 
locity spectrum  and  the  energy  spectrum.     From  Tatar  - 
skii, 4  *r  =  0.033  Cztk'UI3  and  EM  =  0.  76  C?,k"5/3  in  the 
inertial  subrange,  where  CT  and  Cv  represent  the  re- 
spective temperature  and  velocity  structure  constants. 
On  rearranging  Eq.  20, 


*i2^sin  0  =  0.  033  r23'6  fej" /3(2sin2  |V 


(21) 


Unlike  the  forwardscatter-pressure  spectrum  which  re- 
quires an  approximation  such  as  the  von  Karman  spec- 
trum (Brown  and  Clifford2),  the  Kolmogorov  spectrum 
represents  a  good  approximation  for  backscatter  when 
X  <  L0,  since  atmospheric  turbulence  usually  possesses 
an  inertial  range  with  an  outer  scale  L0  of  some  tens 
to  hundreds  of  meters.  Introducing  Eq.  19  and  Eq.  21 
into  Eq.  15  changes'it  to 

S  =  0.033k^l3Dz{k-k1)  *     Hjk-kJ,  (22) 

where  Hm  represents  the  integral 

Hjk  -k1)  =  4nz2~11/e(mk0)-1  f     de[2Jl(k0rsine)/(k0rsm6)f 

-W2 

sinecos2er[sin2e-  [(k-kj/mkp}2 


(1  -  cos0)I7/  Vsin2e  -  [(k  -  kj/mkaf 


i$ 


+7-33-ctcosi) 


(23) 


after  taking  mk0  out  of  the  square  root.    The  function  Y 
implies  that  Hm  vanishes  unless  (k  -/?1)2s  mzk\.     [Note 
that  this  does  not  imply  that  S  vanishes  for  the  same 
ranges  of  k  -kt.    Outside  the  range  (-  2mkB)  2mk0), 
however,  the  shape  of  the  spectrum  is  determined  by 
the  pulse  and  gate  spectra  rather  than  by  the  turbu- 
lence. ]    Let  i  =  {k  -  fc,)/w&0  with  0  s  |2  <  1  and  replace 
K(sin20  -  lz)  by  Y(\  -  £2)  after  changing  the  upper  limit 
of  integration  from  n  to  arccos  VI  -  £2.    With  the  re- 
placement of  6  by  arccos  (VI  -  £z  cos0),  the  function  Hm 
becomes 

Hjk-kj  =  wWtmkj+rfi  -  «2)d  -  5a) 

rfecos2e[i  -  vi  -iz  cose]"1"6 

■  /2 
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,  I  2J1U>0rVsin2e  +  t2cos2ei  2 
"|     k0  rV  sin2e  +  pcHs2^"     ( 


■Yf\ 


cz         „ 

+  3.665-^-  [1  +  vl  _^cos( 


(24) 


The  integration  (Eq.   24)  becomes  exact  in  the  two  limits 
k0r  =  0  and  k0r  =  °°.     For£0r  =  0,  an  isotropic  receiver, 
let  l-^2  =  [2f/(l  +  £2)f,  and  let  A  =  C2r/7t  +  7.  33  C^/fT2 
and  £  =  3.  665  Ct/C2,.    Then  Eq.   24  becomes 

#„>-£,.)  =  4JriW0)-1r(i-s2)f    de 

-'■•12 

x  ii  (if^-)17'6  (1  -  2jcos0  +  £2r17/6 
-l/2(2i4+B)(— p-j        (l-2£cos0  +  £2)"11/6 
+  l/4U  +  2£)^i|1-J       (l-2£cose  +  i;2)-5/6 


-1/8S 


m* 


(l-2£cos0  +  £2 


(25) 


Each  of  the  terms  in  the  integrand  of  Eq.   25  has  the 
form  (1  -  2jcos0  +  tz)~",  with  v  an  arbitrary  real  number. 
Formula  22.  9.  3  of  the  NBS  Handbook8  gives  expansions 
for  such  functions  in  Gegenbauer  polynomials  C"„, 

(i  -  2f cose  +  r2P  =  £  t"  c„  (cose) .  (26) 

Integrating  Eq.   26  from  0  =it/2  to  jt  using  formula 
22.  3. 12  of  the  NBS  Handbook,6 

shows  that  the  even  terms  vanish  unless  n  =  2h.    Then 
define 

c„M=[/z  decrease),  CanW  =  i[Ifl±2).]2. 

For  the  odd  terms, 

f    de  Cfc4j  (cose) 

•'f/8 

2n.l 

=  -  £  (-D- 


r(i<  +  A)r(i'-/i  +  2«  +  i) 


(2«  +  l-2^)^!(2n  +  l-/2)![r(M)]2     ' 

(28) 
or,  rearranging  the  terms  of  the  summation, 


CairtM 


-2  52   d-D" 


r(^  +  «-fe)r(^  +  «  +  i  +fe) 

(2&  +  l)(B-*)!0tt  +  l+A)!rrW] 


(29) 


Using  the  relation  £  =  f(l  -  1 £  |  )/(l  +  I  ?  I  )]1/2,  the  exact 
expression  for  Hm{k  -  &,)  when  k0r  =  0  becomes 

ffn(&-fe1)=4ir8(mfe0r1r(l-?2)  E(j77!f)n/2 


:JyKl+l5l)-17/6cn(17/6) 


-  2  (2i4+B)(l+UI)"11/8fnai/6) 


+  -U  +  2BX1  +  UI)"5/V„(5/6) 
-|.B(l+|?!)1/6cn(-l/6)l  . 


(30) 


At  the  other  limit,  k0r~ °°,  Hm  approaches  zero  uni- 
formly as  r'2.    However,  since  the  scattering  volume 
which  effectively  contributes  to  the  energy  flux  density 
at  a  point  also  decreases  with  r"2,  the  total  energy  flow 
7rr2 1(k)  and  the  scattering  cross  section  a  approach  a 
constant.    Asfc0r-°°,   7ir2  times  the  beam-pattern  fac- 
tor approaches  a  6  measure,  concentrating  all  the  ef- 
fective scattering  volume  at  the  zenith.    Using  Eq.  16 
instead  of  Eq.   23  leads  to  a  clearer  understanding  of 
the  exact  behavior  of  I(k).    Setting  all  the  slowly  vary- 
ing factors  in  Eq.   16  equal  to  their  limits  at  8  -  n  gives 


S~tk\-  Zvlf^k-kJ  •  (0.  033X2*,.) 


4r; 


(i 


JVs        I      k0rsme     J 

The  integral  in  Eq.   31,  however,  defines  the  effective 
scattering  volume  Vs,  that  is,  the  scattering  volume  V, 
weighted  by  the  beam-pattern  factor.    Substituting  Eq. 
31  into  Eq.   13,  and  noting  that  the  factor  k{13  varies 
slowly  during  the  £,  integration  compared  to  D\(kx  -  k0) 
in  the  neighborhood  of  k0,   gives  the  final  form  of  I(k)  for 
large  mk0.    Writing  the  integral  as  a  convolution  over 
A*  =  k  -  k0  by  changing  &,  to  k '  +  k0, 

ir 

2 


/(*)-^U2/72)(0.033)(2*0)1/3 


%  |f-  D8(A*)^i)!(A*) 


(32) 


16T0 

Since  !f*g  =  jf-S g  and  SdkD\{k)  =  $dkD\(k)  =  l/Tt,  the 
total  of  the  energy  flux  density  over  all  wavelengths 
approaches 


J 


tt/(*)--(0.033)(2£0)1/3  -^ 


2       D2 


(33) 


The  power  in  the  initial  wave  is  I0(k)  =  (u/l)L%{Ak)  and, 
thus,   jdk I0(k)  =  l.    Then,  defining  the  scattering  cross 
section  a  by 


<T=RzfdkI(k)  /\vsfdkl0(k)\  , 


as  in  equation  35. 18  of  Tatarskii, 4  the  backscatter 
cross  section  approaches 

a(7r)-|(0.033X2*0)1/3  T||r  , 


(34) 


(35) 


which  is  exactly  the  result,  equation  35.  20  of  Tatarskii,4 
for  the  case  8  =  it,  derived  using  the  farfield  approxi- 
mation.   Direct  integration  shows  that  Vs  =  6irlRz.    Then, 
for  large  k0r,   Vs  satisfies 


v,=  -=v,kp)m 


■fdtJl 


/(k0rt)/t  , 


or,  using  Formula  11.  3.  30  of  the  NBS  Handbook, ' 
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P."  | V.W^l  -J0(k0r)  -Jt%r))  , 

showing,   in  fact,  that  for  large  k0r  the  effective  scat- 
tering volume  decreases  inversely  as  the  area  of  the 
receiver.    For  the  case  of  arbitrary  p  =  rk0/2ir  =  r/\, 
evaluation  of  Eq.  24  depends  on  computer  integration. 
If  Hm  is  written  as 

HjAk,  p)  =  (mk0)ml  Y(mzk\  -  Ak2) 

where  HT  and  Hv  are  defined  by  Eq.  24,  then  the  final 
form  of  the  spectrum  is 


l(k)  =  0.033(*/l)kl'sDl(£>k)  *D2(A£)   *  Hm(Ak,p) 


(37) 


For  large  enough  p,  the  "beam"  half-angle  i/>  is  cus- 
tomarily defined  as  the  point  where  the  square  of  the 
beam-pattern  factor  drops  to  half  its  maximum  value. 
Since  half  the  distance  to  the  first  zero  of  </,(*)  gives  a 
good  approximation  to  the  "half -power"  point,  the  rela- 
tion between  4>  and  p  becomes 

p  =  0.3049/sin4>  . 
Figure  1  shows  the  wind-broadening  functions  HT  (for 
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FIG.  1.    Backscatter  spectra  HT  and  //„  due  to  temperature  and 
velocity  fluctuations  as  a  function  of  Ak/mkq  for  various  re- 
ceiver aperture  ratios  p  =  r/A  and  beam  half-angles  ip. 


temperature  fluctuations)  and  H„  (for  velocity  fluctua- 
tions) as  functions  of  Ak/mk0  for  selected  values  of  the 
parameter  p  or  the  beam  half-angle  ip.    A  comparison 
of  the  ratio  HT/HV  determines  the  relative  importance 
of  temperature  fluctuations  with  respect  to  velocity 
fluctuations.    The  computer  calculations  show  that  even 
for  very  small  beamwidths  (i|>=5°)  the  effect  of  velocity 
fluctuations  becomes  greater  than  that  of  temperature 
fluctuations  at  a  point  about  halfway  between  the  center 
of  the  spectrum  and  the  limit  of  influence  of  turbulence 
at  Ak  =  mk0. 

The  exact  spectral  shape  given  by  Eq.  37  depends  on 
the  pulse  and  gate  spectra  D0  and  Dt.    For  many  appli- 
cations d0  and  dx  are  approximately  rectangular  unit 
pulses  of  length  21.    Then,  the  equivalent  spectral  width 
of  D*0  *  Df  becomes  fdkj%{h)  *  I%(k)/[l%(k)  *  Z>?(*)]*.o 
=  3tt/2Z,  just  1.  5  times  the  spectral  width  of  D0  or  Z^. 
However,  Hm(Ak)  varies  comparatively  slowly  over  the 
interval  (-  mk0,  mk0).    If  mk0l  »  3ir/2  or  ml/\  »  3/4, 
then  D^*  L^/^dkD^*  L%  acts  approximately  like  a  Dirac 
5  measure  with  respect  to  Hm  (note  that,  in  any  case, 
the  only  interesting  values  satisfy  mkal>l).    As  a  re- 
sult, the  general  spectrum,  Eq.  37,  reduces  to  the 
good  approximation 


I(k)  =  0.  0105/kJ/s#m(Afc,p)  , 


(39) 


where,  as  before,  Eq.  36  gives  Hm  and  HT  and  Hv  ap- 
pear in  Fig.  1.  As  a  consequence  of  the  vector  char- 
acter of  the  velocity  fluctuations,  the  backscatter  in- 
tensity when  CT  =  Q  shows  a  double  peak  in  the  spectrum. 


For  vanishing  mean  wind  Hm(Ak)  reduced  to 
Urn  HjAk)  =  hm%  p)6(Ak)  , 

m-0 


(40) 


with  hm{0,  p)  a  function  of  p  alone.    The  fact  that  \dkY 
x  (a2  -  k2)/ V  a2  -  kz  =  it  for  any  a  permits  evaluating 
hm(Q,  p)  directly  from  Eq.  23.    Again  define  tempera- 
ture and  velocity  fluctuation  factors: 


M0,p)=   ==$-  hT(0,p)+  ^i,IO,p) 


(41) 


The  results  of  the  computer  integration  of  Eq.  23  are 
shown  in  Fig.  2.    The  zero  mean  wind  spectrum  be- 
comes 


/(*)  U„  =  0.  033(777/^(0,  p)kl0'3Dl(Ak)  *  Df(Afe) 


(42) 


a  spectrum  with  exactly  the  same  shape  as  given  by 
mirror  reflection,  but  multiplied  by  a  factor  depending 
on  the  intensity  of  turbulence  and  the  beam  angle. 

The  integral  of  I(k)  roughly  represents  an  energy  flux 
density  in  a  given  direction  and  zero  solid  angle.    If 
d0(rj)  and  ^(77)  are  assumed  rectangular  unit  pulses, 
then  SdAkDi0(Ak)  =  SdAklf1{Ak)  =  l/Ti  and   again,  jdAkHm(Ak) 
=  hm(0,p)  for  any  m.    Then,  the  identity  !dkf(k)*g(k) 
=  Idkf(k)[dk'g(k')  implies  that  the  integral  of  Eq.  37  is 


JdkKk)  =  0.  033(1/ ir)kl'3h„(0,  p) 


(43) 


III.    SPECTRAL  WIDTH 


The  spectrum  I(k)  given  by  Eq.  37  possesses  a  num- 
ber of  features.    The  &J/3  frequency  dependence  results 
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FIG.  2.    Integrals  of  HT  and  Hv  as  a  function  of  receiver  aper- 
ture ratio  p  =  r/\. 


from  the  assumption  of  "frozen"  isotropic  turbulence, 
just  as  with  the  same  frequency  dependence  of  the  zero- 
wind  scattering  cross  section  found  by  Tatarskii.4   The 
assumption  breaks  down  when  the  eddy  turnover  time 
becomes  smaller  than  the  pulse  interaction  time.    Then, 
the  random  convection  of  X/2-size  scattering  eddies  by 
L0-size  eddies  creates  a  Doppler  broadening  indepen- 
dent of  mean  wind.    For  this  process, Ford  and  Meec- 
ham9  found  the  frequency  dependence  changes  to  k^13. 
But,  such  broadening  does  not  play  an  important  role 
with  the  customary  range  of  parameters  used  for  atmos- 
pheric sounding.    In  addition,  the  Doppler-shifted  spec- 
trum follows  immediately  from  Eq.  37  on  replacement 
of  k0  by  k0-k0/(l  +  mM)  and  A*  by  Ak  =  k  -  k0,  with  m, 
the  mean-wind  Mach-number  component  in  the  propaga- 
tion direction.    This  replacement  merely  slides  the 
entire  spectrum  along  the  k  axis  without  change  of  shape 
or  peak. 

The  spectral  broadening  produced  by  the  convolution 
factor  Hm(&k)  represents  the  most  important  feature  of 
Eq.  37.    Since  the  convolutioa  of  two  functions  always 
has  a  width  greater  than  that  of  either  one  of  them,  in- 
creasing mean  transverse  wind  always  implies  mono- 
tonic  increased  broadening  of  the  spectrum  (for  zero 
wind  Hm  becomes  proportional  to  the  Dirac  6  measure  — 
the  "unit"  for  convolution  products).     Let  as  represent 
the  area  under  the  spectrum:  as  =  !dkl(k).    Just  as  with 
forwardscatter,  a,  does  not  vary  with  mean  wind,  which 
merely  acts  to  transfer  energy  flow  from  the  spectrum 
peak  into  the  wings.    Then,  the  relation  b,=as/l{0)  de- 
fines the  equivalent  width  b,  of  the  spectrum,  which 
clearly  shows  that    the  broader  the  spectrum  the  lower 
the  spectral  peak.   The  assumption  that  d0(r))  and  dfy) 


are  both  rectangular  unit  pulses  of  half-length  /  gives  a 
good  approximation  to  bs  in  the  general  case.    Then, 
the  spectra  D0{k),  75,(6),  and  their  powers  all  have  the 
same  equivalent  width  n/l.    The- convolution  DJj(fc) 
J  D\(k),  however,  has  the  equivalent  width  3jt/2L     Es- 
sentially,  range  gating  a  pulse  broadens  the  spectrum 
b  cause  d0  and  d,  move  in  opposite  directions  at  the 
speed  c0,  producing  a  shorter  common  interaction  time. 
For  Gaussian  shapes,  the  factor  1.  5  drops  to  the  mini- 
mum possible  -fl  multiplying  the  equivalent  width  of 
either  of  the  convolution  factors. 

Introducing  the  inverse  Fourier  transforms 
fM  =  JFfD*(*)  =  (l/*)d(i}/2l)[l  -  |n|/2I] 
[for  rectangular  d(r})]  and  hm(r\)  =  &Hm(k)  gives 

as  =jdkl{k)  =  0. 033(w//)*0/3/i(0)/tm(0,  p)  (44) 

and 

7(0)  =  0.  033(7r//)fe0/3  •  -~  jdnf\(r\)km(r\,  p)  ,  (45) 

where  f\(0)  =l2/nz  and  hm(r\,p)  is  the  inverse  Fourier 
transform  of  Hm(k,p). 

In  the  case  p  =  0  (an  isotropic  receiver),  the  exact 
equivalent  spectral  width  for  any  mk0l  follows  from  the 
use  of  the  empirical  fits. 

HT(x)  ~0.  812(1  -x4),  x  =  Zk/mk0, 

//„(*)  =  0.638[9(l-x4)- 8(1-  |*|3)]  , 

which  approximate  the  computer  values  to  about  10%. 
Using  the  identities 

\dxxncos(ax  +  n  —  J  =  3 

(dxx^coslax  +  n  |j=  3^ 
hn  becomes 

AJU)  =  1-624   £|i  /finCTL 
Cz  fsincr/ 


(46) 


sin  a 
a 


(47) 


1  - cosa 
^5 — 


4„^) 


+  1.276-^  I 

c\    L    en 


-83 


2  /sincrj 
•V  cr, 


-  9  34 


-  COSC7J 


sincT) 

CTj 


)]• 


(47) 


where  c  =  mk0. 


Substituting  Eq.  47  into  Eq.  45  and  integrating  by 
parts  gives 


7(0)  =  0.033(tt//)*o/3- (1.29) 

f-'di)  jl  +  |  y[l+^U)/(u)]  J, 


cz 

1  0 


where 

y  =  C\Tl/(clC\),  n  =  2mk0l  ,' 
/(M)  =  10(fiS-6/i+6sinM)M"5  , 

and 


(48) 


(49) 
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#(/*) 


J_/SiM       , 
15  U     "' 


cos/Li        sin/g  -  ucqsju 


(li3  -  3sinn  +  3/icos^ 


)"■ 


with  Si/i  representing  the  sine-integral  function, 
ly,  the  ratio  of  Eq.  44  to  Eq.  48  gives  the  equival 
width 


3  rr 
21 


U  +  yW) 


l  +  (2/3)y[l+f(n)fr(n)] 


H  =  2»ik0l  . 


(50) 
Final- 

LT.t 


(51) 


Computer-calculated  curves  of  normalized  6,(fi)  for  a 
range  of  values  of  the  parameter  :   appear  in  Fig.   3, 
along  with  the  corresponding  curve  for  forwardscatter. 
As  (i  -  0,   repeated  applications  of  1     Hospital's  rule 
show  that  £-(u)- l,/(/i)- 1/2  and,  thus,   ft,—  3;r  2/,  the 
ur.broadened  value.    The  function  36,/91ny  has  a  maxi- 
mum at  y  =  3/2.     For  large  »ik0l,  Eq.   39  with  Fig.   1, 
'.ogether  with  Eq.  41  and  Fig.  2. ,  give  bs  directly.    The 
results  as  a  function  of  2mk0l  for  various  beam-pattern 
jarameters  for  the  case  y  =  3/2  are  shown  by  the  dashed 
lines  in  Fig.   3. 

IV.    DISCUSSION 

In  an  earlier  paper  Brown  and  Clifford2  found  the 
equivalent  width 

'"?(••-£) 

for  forwardscatter,  an  equation  linear  in  the  mean  wind 
(with  ml/La  assumed  small  and  the  scattering  assumed 
weak,  that  is,  less  than  a  radian  phase  change  per  eddy). 
A'  first  glance  the  result  (Eq.   51)  for  backscatter  ap- 
pears far  more  complicated.    To  a  certain  extent  this 
c  implication  reflects  a  more  complex  physical  situation. 
For  broad  beams,  the  apparent  180'  backscatter  in- 
tensity is  a  sum  of  differential  contributions  from  all 


scattering  angles  9  between  90°  and  180/     For  a  hor- 
izontal mean  wind,  the  wind  component  transverse  to 
the  direction  of  a  differential  scattering  volume  de- 
creases with  decreasing  elevation  angle  6  -  sr/2  as 
sin(t>  -  n  2).    Simultaneously,  the  eddy  dimension  L 
transverse  to  the  scattering  direction  decreases  from 
*H=Z,0)  at  the  zenith  to  X  at  the  horizon,  implying  an  in- 
crease in  modulation  frequency  with  decreasing  eleva- 
tion angle.    And,   as  a  third  factor,  the  amplitude  of  tin- 
frequency  modulation  also  varies  with  elevation  angle. 
The  result  (Eq.   51)  expresses  the  sum  of  all  these  ef- 
fects on  the  equivalent  width  bs  of  the  backscatter  spec- 
trum.   As  an  interesting  incidental  result,   replacing  tne 
infinite  plane-wave  model  by  narrow  transmitting  and 
receiving  beams  implies  observation  of  only  the  very 
largest  transverse  scales  near  the  zenith  and,  concur- 
rently, the  smallest  modulation  frequencies,  giving 
negligible  wind  broadening  of  very  narrow  beams. 

Returning  to  the  plane-wave  model,   for  typical  at- 
mospheric sounding  the  values  of  the  parameter  ml/L0 
determining  the  broadening  in  forwardscatter  are 
small— perhaps  less  than  1/2,  certainly  less  than  one, 
while  the  values  of  the  parameter  ml  '(A/2)  determining 
the  backscatter  broadening  are  large,  perhaps  greater 
than  ten,  certainly  greater  than  one.     For  such  large 
values  of  2wfc0/,the  complicated  behavior  of  Eq.   51  dis- 
appears and  bs  approaches  a  function  linear  in  the  mean 
wind.    But,  unlike  the  forwardscatter  case  where  the 
effects  of  temperature  and  wind  fluctuations  combine  in 
one  structure  constant  C„,  the  slope  of  the  backscatter 
asymptote  depends  on  the  relative  importance  of  CT  and 
C„.    Replacing  Sijj  by  its  limit  tt/2  and  keeping  only 
first  order  in  ji"1  sjiows  that,  for  large  ji  =  2w/?0/, 


h        3,T 


l  +  y 


1  +  (2/3b 


_8j£ 
1571 


l  +  y 


5   l  +  (2/3)y 


*  mkJ 
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FIG.  3.    Normalized  equivalent  spectral  width  6,(/i)/ftJ(0)  as  a  function  of  n  =  ml/L0  (forwardscatter)  of  M  =  2m*r0Z  (backscatter).    Sol- 
id lines  are  for  an  isotropic  receiver  for  various  y  =  C\T\/c\  C\.     Dashed  lines  are  for  y  =  3/2  and  various  aperture  ratios  p  =  r/\. 
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with  i  =C\T\   (<~cC2r)  as  before. 

Denning  a  time  t0-1/c0  proportional  to  tne  interai  - 
tion  time  of  the  pulse  with  the  turbulence  permits  a  dif- 
ferent viewpoint  on  the  forwardscatter  and  backscatter 
parameters  )i  =  i'mr0.    Then,  the  forwardscatter  mod- 
ulation frequency  is  vm=w/L0,  where  iv  is  the  magnitude 
of  the  mean  transverse  wind.    Similarly,  the  backscat- 
ter modulation  frequency  is  vm=w/(\/2).    Thus,  the 
backscatter  modulation  depends  on  the  X/2-size  eddies 
responsible  for  the  backscattering,  while  the  forward- 
scatter  modulation  depends  on  the  largest  or  L0-size 
eddies  responsible  for  the  largest  phase  shifts. 

Since  the  forwardscatter  cross  section  is  large,  at 
moderate  ranges  broad  beams  receive  contributions 
from  waves  forwardscattered  through  small  angles  be- 
fore backscattering  by  the  range-gated  layer.    Rosen- 
baum10  has  initiated  a  sophisticated  approach  to  such  a 
problem  which  includes  both  forwardscatter  and  back- 
scatter  effects  simultaneously.    However,  even  though 
violating  the  single-scatter  assumption,  a  comparison 
of  the  forwardscatter  broadening  from  Brown  and  Clif- 
ford2 with  the  backscatter  broadening  (Eq.   51)  permits 
a  crude  estimate  of  the  relative  importance  of  wind 
broadening  during  propagation  and  wind  broadening  dur- 
ing backscattering.     As  seen  in  Fig.  3,  the  forward- 
scatter  curve  of  the  equivalent  width  bs  as  a  function  of 
umT0  lies  entirely  above  the  backscatter  curves.     But, 
for  typical  values  of  fmr0  for  atmospheric  probing, 
ymT0<  1/2  for  forwardscatter,   i>mT0  >  10  for  backscatter, 
the  effects  of  backscatter  on  the  broadening  of  the  spec- 
trum far  outweigh  the  forwardscatter  effects  during 
propagation. 

V.    CONCLUSIONS 

This  paper  has  studied  the  broadening  of  the  frequency 
spectrum  of  a  backscattered  broad-beam  acoustic  pulse 
by  a  transverse  mean  wind  moving  the  scattering  iso- 
tropic turbulence  and  temperature  fluctuations  through 
the  beam.    The  results  are  expected  to  account  for  at 
least  part  of  the  spectral  broadening  obtained  experi- 
mentally,  such  as  that  shown  by  Beran.11    The  principal 
results  are  the  frequency  spectrum,   Eq.  37;  the  ap- 
proximate form  of  the  frequency  spectrum,   Eq.  39, 
with  the  wind  broadening  factor  Hm{Ak)  given  by  Fig.   1; 
and  the  spectral  width,   Eq.   51  shown  in  Fig.   3,  to- 
gether with  the  behavior  of  the  spectral  width  with  re- 
ceiver aperture  for  large  mk0l. 

For  broad  beams,  both  temperature  and  velocity  fluc- 


tuations contribute  to  the  180 "  backscatter  intensity, 
and  the  contributing  eddy  scales  vary  from  /2~/t0  to 
2A\,.     Unlike  forwardscatter,  the  effects  of  temperature 
and  velocity  are  not  combined  in- a  single  refractivity 
structure  constant  C„,  that  is,   CT  and  Cv  have  different 
effects  on  the  behavior  of  the  equivalent  spectral  width 

For  typical  experimental  values  of  carrier  frequency 
and  pulse  length,  and  for  usually  expected  values  of 
horizontal  wind  speed  and  outer  scale  of  turbulence  in 
the  atmosphere,  the  broadening  effects  of  mean  wind 
during  the  scattering  process  outweigh  the  broadening' 
effects  of  mean  wind  during  propagation  to  the  scatter- 
ing layer. 

Spectral  broadening  depends  on  beam  angle.    Narrow 
beams  will  result  in  negligible  increase  in  the  equivalent 
width  bs  and  give  more  accurate  observations  of  Doppler 
shifts.    Conversely,  broad  beams  will  increase  bs  and 
permit  more  accurate  observation  of  the  maximum 
spectral  broadening,  thus  providing  a  measurement  of 
the  magnitude  of  the  transverse  wind. 
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1. 


INTRODUCTION 


Atmospheric  echosondes  have  become  increas- 
ingly useful  in  measurements  of  the  turbulent 
structure  of  the  surface  layer  (the  first  few 
hundred  meters  of  the  atmosphere).   Reliable  exten- 
sion of  such  measurements  to  the  boundary  layer 
(which  may  reach  altitudes  of  1500  meters)  or  to 
the  entire  troposphere  requires  additional  knowledge 
of  acoustic  propagation  parameters,  such  as  the 
phase  coherence  length  p  .   Figure  1  presents 
pictorial ly  the  deformation  of  a  plane  wave  echo- 
sonde  beam  propagating  through  turbulence.  The 
initial  representation  of  the  phase  fronts  as 
planes  implies  constant  phase  differences  between 
any  two  points  in  a  plane  perpendicular  to  the 
direction  of  propagation.   As  the  wave  propagates 
through  the  turbulence,  the  random  fluctuations  in 
the  acoustic  refractive  index  produce  large  random 
fluctuations  in  the  phase  fronts.   Similarly,  the 
initial  equal  thickness  of  the  lines  representing 
the  phase  fronts  implies  constant  amplitudes  for 
points  in  perpendicular  planes.  Again,  as  the 
wave  propagates,  the  distortions  in  the  phase 
fronts  imply  random  direction  changes  in  the  wave 
vectors.   In  turn,  the  interference  between  changed 
neighboring  wave  vectors  produces  random  fluctua- 
tions in  the  amplitude  of  the  waves. 


Figure   I.      Propagation  through  turbulence 
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the  capability  to  continuously  monitor  wind  speed, 
location,  and  direction,  and  turbulent  intensity 
in  jet  stream  systems  near  tropopause  altitudes). 

In  this  paper  we  describe  measurements  of 
such  fluctuations  in  amplitude  and  phase  of  acoustic 
waves  at  500,  1000,  2000,  and  4000  Hz,  propagating 
over  188  and  333  meter  paths  from  a  source  on  top 
of  a  150  meter  meteorological  tower,  and  compare 
derived  values  with  tower  observations.  The  struc- 
ture function  of  the  phase  fluctuations  give  phase 
coherence  lengths  and  suggest  methods  for  determin- 
ing the  outer  scale  of  turbulence  L  .   Displacements 
of  the  normalized  covariance  curves  of  the  amplitude 
fluctuations  near  saturation  from  the  theoretical 
intersection  suggest  a  possible  measure  for  gradients 
in  the  turbulent  refractive  index  structure  constant 

C  . 
n 

2.     DATA  COLLECTION 

During  the  last  two  weeks  of  March  1974 
several  groups  from  NOAA's  Wave  Propagation 
Laboratory,  from  NASA  and  WYLE  Laboratories,  and 
from  the  University  of  Massachusetts  conducted  a 
number  of  experiments  at  Haswell,  Colorado.  The 
Wave  Propagation  Laboratory's  500  foot  meteorolo- 
gical tower,  located  on  the  flat  plains  of  south- 
east Colorado  at  Haswell,  carries  standard  instru- 
mentation mounted  at  100  ft  altitude  increments 
(plus  an  instrumented  moving  carriage),  including 
instruments  to  measure  mean  temperature,  mean 
wind  speed  and  direction,  and  specialized  instru- 
ments to  measure  the  structure  constant  C_  of 
temperature  fluctuations  and  the  magnitude  of  wind 
fluctuations  (which  give  approximate  values  of  the 

structure  constant  C  of  velocity  fluctuations). 

v 
These  parameters  determine  the  structure  constant 

C  of  acoustic  index  fluctuations  according  to  the 

n    .    . 
approximation  2       2 

c  2  -  X   ♦  %       .    Ci] 

n     4T  2      c  2 
o       o 
with  T  the  mean  temperature  and  c  the  mean  speed 
of  sound.  The  outputs  of  the  tower  instruments, 
plus  a  time  code,  go  to  a  digitizer  (once  per 
second)  and  tape  recorder  for  future  correlation 
with  the  data  from  the  various  experiments. 

Figure  2  depicts  the  arrangement  of  our 
experiment.   Sound  produced  by  either  a  JB  Lansing 
or  an  Altec-Lansing  driver  with  a  sectoral  horn 
mounted  on  top  of  the  tower  propagates  towards  the 
receivers.  The  movable  receiving  array  stands  on 
the  ground  due  east  of  the  tower  at  a  slant  range 
of  188  or  333  meters.   Each  of  the  four  array 
elements  includes  a  Realistic  (Model  33-992)  dynamic 
cardioid  microphone.  The  microphones  mount  at  the 
bottom  of  acoustic  shields  (20  gallon  plastic  trash 
containers  lined  with  sound  absorbing  convoluted 
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acoustic  plastic  foam)  to  reduce  multipath  effects 
and  wind  noise.  The  array  elements  lie  in  a  hori- 
zontal line  perpendicular  to  the  direction  of 
propagation,  with  spacings  of  1,  2,  and  4  meters 
(giving  pair  separations  of  1,  2,  3,  4,  6,  and  7 
meters).   Each  array  element  aligns,  by  bore  sight- 
ing, on  the  source  at  the  top  of  the  tower. 


333m  188m 


150m 


Figure  2.      Experimental  arrangement 

CW  signals  at  500,  1000,  2000,  and  4000  Hz, 
amplified  to  36  electrical  watts,  propagate  from 
the  source.   A  4-channel,  60  dB  remote  amplifier 
enhances  the  received  signals  at  the  array  before 
returning  the  outputs  to  the  underground  equipment 
bunker.   Then,  after  high-pass  filtering  at  500 
Hz,  a  Vetter  (Crown)  Model  A  instrumentation  tape 
recorder  puts  the  received  signals,  plus  the 
source  and  time  code,  on  analog  tape.   We  attempted 
to  collect  data  at  each  frequency,  and  at  each 
range,  for  three  different  conditions  of  atmos- 
pheric turbulence:   bifih.  C  2-~10"o  m-2/3. 
medium,  C  2%10"7  m"Z/J;  anS  low,  C  2a=10   m     '    . 
Each  run  included  15  minutes  of  data  to  provide 
good  averaging  for  the  combination  of  large 
eddies  and  low  advecting  winds.  An  echosonde 
operating  during  the  tests  gave  rough  estimates 
of  the  amount  of  turbulence,  providing  guidance 
for  the  best  periods  for  the  collection  of  data. 

3.     DATA  PROCESSING 

During  high-frequency,  high-turbulence, 
long  range  tests  we  observed  phase  fluctuations 
of  up  to  20ir  radians  (3600  )  and  amplitude 
fluctuations  of  up  to  30  dB  occurring  with  time 
constants  of  a  few  hundred  milliseconds.   We 
observed  apparent  outer  scales  of  from  1  to  12 
meters  and  mean  winds  of  from  3  to  23  m/s, 
equivalent  to  time  constants  of  from  50  milli- 
seconds to  a  few  seconds,  that  is,  within  the 
same  range  as  the  time  constants  of  the  observed 
phase  fluctuations.  Although  simple  envelope 
detectors  can  follow  these  amplitude  variations, 
such  large  phase  excursions  require  phase  meters 
capable  of  quickly  tracking  many  radians  of  phase 
change  -  instruments  not  commercially  available 
at  present.   To  overcome  this  difficulty  we  used 
two  phase  meters  separated  by  a  nominal  180 
phase  shift,  a  Wiltron  (Model  350)  and  an  Acton 
(Model  320AB)  phase  meter,  both  having  a  range 
of  ±  it  radians.   With  this  arrangement,  when 
one  meter's  output  becomes  non-linear  near  its 
range  limit,  the  other  meter's  output  lies  near 
the  middle  of  its  range.   For  every  pair  of  signals 
on  the  analog  tapes  made  at  Haswell,  we  digitized 


the  outputs  of  envelope  detectors  for  each  signal, 
and  the  outputs  corresponding  to  the  phase  differ- 
ences between  the  two  signals  from  both  phase 
meters  at  100  Hz  with  a  PDP-15  computer.  Figure 
3  gives  a  schematic  diagram  of  amplitude  and  phase 
conversion  and  digitization  circuits.   Each  15 
minute  analog  run  required  seven  15  minute  digitiz- 
ing runs  to  compare  all  combinations  of  the  four 
receiving  channels  and  the  combination  of  the 
source  and  one  receiving  channel. 


ADC  <*> 


HOC  2 


-ADC  3 


Figure  3.      Digitizer  Pre-Proaeaaor 

Calculation  of  phase  structure  functions 
and  phase  coherence  lengths  required  a  single  time 
series  describing  the  phase  difference  fluctua- 
tions.  We  obtained  such  a  time  series  with  a 
"phase  packing"  program  in  which  the  computer 
selected  whichever  of  the  two  previously  digitized 
phase  channels  lay  within  certain  prescribed  limits. 
By  switching  back  and  forth  between  phase  channels, 
the  computer  "boot-strapped"  its  way  through  many 
cycles  of  phase  change.   Since  frequent  amplitude 
fading  occurred  during  periods  of  rapid  phase 
changes,  we  included  a  low-amplitude  detection 
instruction  in  the  computer  program.   During  such 
an  amplitude  fade,  the  computer  held  the  phase 
constant  until  the  signal  rose  sufficiently  again 
to  give  reliable  phase  meter  outputs. 

4.     DATA  ANALYSIS 

Tatarskii  (1961,  1971),  Lee  and  Harp  (1969), 
and  Clifford  (1971),  among  others,  have  obtained 
theoretical  expressions  for  the  statistical  func- 
tions associated  with  random  amplitude  and  phase 
fluctuations  of  a  wave.  We  shall  need  three  of 
these  quantities  to  express  our  experimental 
results  and  compare  with  the  theory: 

1)   The  quantity  y2    =  <  [In  (A/ A  )]  2}   , 
the  log-amplitude  variance  o    =  /\t    (A/A  )  - 

2 
/I    (A/A  J)  ]  \,    for  which_j_for  small  fluctuations 

compared  to  the  mean,  y   as  o  ,  and  the  theoretical 
expression  a   2  as  o  ?  for  the  xase  of  single  scatter, 


0.124  k7/6L11/6C2 
n 


(2) 


with  k  =  2tt/ A  the  wavelength.  L  the  one-way 
pathlength,  and  C  2     the  refractive  index  struc- 
ture constant  weighted  over  the "path  given  by 
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5.544/  du 


>f, 


[u(l-u)]5/6  C 


(u),with  u=Z/L  (3) 


2)  The  spatially-dependent  log-amplitude 
covariance  (normalized  by  a  ')  as  a  function  of 
receiver  separation  pN (normalized  by  a  Fresnel 
zone  yXX)  from  Lawrence  and  Strohbehn  (1970), 


>N 


1    -    10.17  p. 


5/3 
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(4) 


3)      for  the  normalized  phase  structure 
function 

dsn(v  =  (H  =  i  (*i*- v)2   (i2) 
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3)  The  spherical  wave  phase  structure 
function  D_N(pN)  =  ^  W'i"^!  <Vat^  (normalized 
by  C  )  as  a  function  of  normalized  receiver 
separation, 


SN 


20.3  p. 


40.6  p. 


5/3 
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PN«  1 

PN  >   1 


(5) 


We  use  the  normalization  of  phase  differences  by 

the  geometric  mean  of  the  log  amplitude  variances 

of  the  two  signals  in  order  to  obtain  "universal" 

curves  independent  of  C  2.   However,  such  universal 

curves  still  depend  on  the  value  of  the  normalized 

outer  scale  L  „  =  L  /jTL  . 
oN    o  v 

Assuming  that  the  phase  and  amplitude 
sequences  represent  samples  of  random  processes 
which  satisfy  the  ergodic  hypothesis  (ensemble 
averages  equal  time  averages)  allows  us  to 
evaluate  the  following  expressions: 

1)  Setting 


We  have  used  a  15  minute  sampling  interval  for 
averaging  to  permit  a  large  number  of  independent 
turbulent  eddies  to  pass  through  the  receiving 
array,  thus  ensuring  accurate  statistical  estimates 
of  the  above  quantities. 

Due  to  the  sensitivity  of  the  phase 
measurements,  jitter  introduced  by  the  tape  recorder 
from  variations  in  tape  speed  between  tracks  and 
between  heads,  and  jitter  due  to  delay  variations 
in  the  roll-offs  of  the  band  pass  filters  introduce 
considerable  noise  in  the  phase  structure  functions. 
We  measured  this  noise  directly  by  recording  pure 
tones  at  each  of  the  four  frequencies,  and  on  all 
the  channels,  and  then  processing  the  recordings 
with  the  same  digitization  and  analysis  programs 
on  the  computer  as  the  original  experimental  data. 
Assuming  the  signals  and  noise  uncorrelated,  sub- 
traction of  the  phase  variance  of  the  jitter  gives 
more  accurate  values  of  the  phase  structure  func- 
tions of  the  signals.  Other  unavoidable  errors 
arise  from  stretched  analog  tapes  and  other  rare 
catastrophes  affecting  long-term  averaging  processes. 
We  treated  these  mishaps  by,  first,  partial  one- 
minute  averaging,  then  deleting  obviously  bad 
partial  averages,  and  finally  completing  the  averag- 
ing of  the  good  data. 
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i,  j  refer  to  the  two  microphones,  A. „ 
:s  the  amplitude  from  the  itn  micro- 


where 

denotes  the  ampl 

phone  at  sample  time  I,   and  N  represents  the 

total  number  of  samples  in  the  average;  then, 

for  the  geometric  mean  of  the  log-amplitude 

variances  of  the  two  signals, 
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2)      for  the  normalized   log-amplitude 
covariance 

C>N(Pij^    =    l    -    1/2   D>N(Pij}         '  (10) 


D>N(Dij}  "J  i=i    Cxu  •  V  /y    •    (ID 


5.   RESULTS 

As  indicated  above,  extraction  of  good 
amplitude  fluctuation  data  presents  no  major  prob- 
lems.  In  Figure  4  we  show  some  of  our  experimental 
results  for  C  N  together  with  a  theoretical  curve 
for  the  case  of  negligible  multiple  scattering. 
The  set  of  curves  represent  a  well-behaved  family 
parameterized  by  the  experimental  variance  2  . 
Since  higher  values  of  turbulence  (and  C  ) 
lie  near  the  ground,  a  spherical  wave  from  a  source 
on  top  of  a  tower  produces  greater  emphasis  from 
the  smaller  eddy  scales  (and  smaller  pN)  which, 
from  the  theory,  most  effectively  produce  amplitude 
fluctuations  near  the  receivers.   Increasing  a  z 
raises  the  probability  of  multiple  scatter  with 
respect  to  the  probability  of  single  scatter, 
causing  an  intersection  with  the  theoretical  singles 
scatter  curve.  As  a  result,  the  experimental 
curves  first  drop  more  rapidly  than  the  theoretical, 
then  level  off,  dropping  more  slowly  and  crossing 
the  theoretical  at  a  point  which  moves  up  with 
increasing  (J  *  towards  the  curves  containing  appre- 
ciable saturation  in  the  variance.   We  show  the 


vN 


curves  without  error  bars,  since  in  all  cases 


the  standard  deviation  represents  at  most  2  percent 
of  the  mean.  Note  that,  if  transmitter  and  receivers 
were  interchanged,  as  in  the  experiments  of  Mandics 
(1971),  the  curves  for  variable  C  would  move  above 
the  theoretical  curve  rather  than  below  it. 
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Figure  4.  Experimental  normalized  log-amplitude 
covariances  versus  normalized  lateral 
spacing 


As  implied  in  Section  III,  good  phase 
measurements  require  much  more  effort  than  ampli- 
tude measurements.  Figure  6  shows  results  for 
D   from  three  of  the  runs,  for  cases  of  low, 
medium,  and  high  C  2,  The  error  bars  giving 
standard  deviations  of  the  data  represented  in  all 
cases  about  20  percent  of  the  means.  The  medium 
variance  curve  represents  one  of  the  cases  where, 
since  L  „  <  1,  D_N  bends  over  before  any  rise  in 
slope.  The  high  variance  curve  represents  an 
intermediate  case.   And,  the  low  variance  case, 
with  L  u~l,  shows  clear  indications  of  an 
increasing  slope  just  before  the  outer  scale 
comes  into  play.  Thus,  the  experimental  phase 
fluctuation  data  possesses  all  the  characteristics 
that  we  might  expect  from  theory. 


Equation  5  implies  that  the  normalized 

phase  structure  function  D_  has  two  limiting 

forms.  These  two  limits  arise  from  the  solution 

of  the  "wave  structure  function"  D„  =  D  ,,  +  D_.,, 

N     VN     SN 
the  sum  of  the  log-amplitude  structure  function 

and  the  phase  structure  function.   When  PN<<1, 

DSN=D>N  ■  and  DS^1/2   V  but'  When  PN  >y   1- 


D       U       <<      DCM>      alld     DCM~      DKI- 

yN     SN       SN    N 


Between  these  limits 


D   varies  smoothly  from  one  curve  to  the  other. 

Both  these  limiting  forms  depend  on  the  assumption 

of  a  Kolmogorov  spectrum  of  the  refractivity 

fluctuation.   For  real  atmospheres  the  outer  scale 

of  turbulence  L  comes  into  play  with  increasing 

PN,  forcing  the  D_N  curve  to  bend  over  and  level 

off  at  some  finite  value.  Thus,  two  different 

types  of  curves  appear,  depending  on  whether  the 

outer  scale  (normalized  by  a  Fresnel  zone)  L  „ 

satisfies  the  inequality  L  „  <  1  or  the  inequality 

L  ,,  2  1.   In  the  first  case,  the  curve  of  D_„ 
oN  SN 

bends  over  before  ever  reaching  the  higher  value 

of  slope.   In  the  second  case,  the  curve  of  D_ 

at  least  begins  to  rise  to  the  higher  slope  before 
the  outer  scale  takes  effect.   Figure  5  shows  the 
two  expected  types  of  D_N  curves  as  functions  of 
PN5/3- 


B.h 


/ 

lr^w> 

. 

/  ^-•""~  Wl 

/                      ^  ON 
^ 1 

i .,, 

t'<' 


Figure  5.      Theoretical  phase  structure  functions 


Figure  6.      Experimental  normalized  phase  structure 
functions  versus  normalized  lateral 
spacing. 


Encouraged  by  the  agreement  between  our 
experimental  results  and  theoretical  predictions, 
we  now  briefly  consider  the  implications  for  echo- 
sondes  intended  to  reach  much  higher  altitudes  - 
on  the  order  of  at  least  1  to  2  km.   A  simple  model 
serves  to  illustrate  the  physical  changes  that  occur 
with  increasing  range.   At  the  scatterers,  due  to 
beam  spreading,  the  illuminated  area  roughly  depends 
linearly  on  the  square  of  the  effective  antenna 
diameter  D  .   Suppose  that  area  is  broken  up  into 
patches  of  diameter  p;  then,  the  total  number  N  of 
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D2/p2,  or  N-<  D2/p2.   For  phase 

greater  than  D,  all  the  patches 
that  the  intensity  available  to 

receiver  varies  as  N2  times  the 
patch.  But,  if  p  <  D,  then 
coherence  within  each  patch,  the 
ensity  decreases  towards  N  times 
one  patch;  or,  the  intensity 
with  decreasing  p  .  Then  even 
ems,  the  decreasing  intensity 
will  eventually  result  in  an 
unacceptable  signal-to-noise  ratio. 


patches  depends  on 
coherence  lengths  p 
add  coherently,  so 
scatter  back  to  the 
intensity  from  one 
setting  p  =  p  for 
available  total  int 
the  intensity  from 
decreases  as  p _  /D 
with  good  beam  patt 
with  decreasing  p 


Long  range  vertical  paths  make  consideration 
of  the  effects  of  varying  C  in  the  atmosphere 
obligatory.  Also,  LutomirsKi  and  Yura  (1971)  have 
studied  the  effects  of  corrections  due  to  outer 
scale  L  ;  but,  we  do  not  need  these  corrections  for 
the  approximations  obtained  here,  since  a  typical 
choice  takes  L  proportional  to  the  height  of  the 
path  L.  Again,  using  the  two  constants  for 
p  <<  yTL  and  ps^L,  the  phase  structure  function 
becomes 


ri.089] 
Lo.S44> 


v2,  „5/3  r   2 
k  L  p    C 


(13) 


or  in  terms  of  frequency  f ,  with  a  nominal  speed 

of  sound  c  ■  340  m/s, 
o 


=  n  ^ 


»/(*V>VB 


(17) 


Choosing  C  2  =  10"6  m"2/3, 


1  km,  and 


selecting  the  same  four  frequencies  used  in  our 
experiment  results  in  the  following  table  for 
the  minimum  p  : 


TABLE  1 


f(Hz) 


P  (m) 


500 

1052 

1000 

458 

2000 

199 

4000 

87 

2  2 

where  C    represents  the  weighted  C   (z)  over  the 

path  appropriate  to  phase  measurements: 

=     1  1 

Cn2  =  f    du  u5/3  Cn2(u)//7*  du  u5/3  ,  U  =  Z/L   (14) 


The  above  table  clearly  shows  that  phase  coherence 
length  will  not  represent  a  limiting  factor  on 
echosonde  antenna  diameter,  at  least  for  remote 
sensing  within  the  atmospheric  boundary  layer. 
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5  no  6    o 


and  choosing 

coherence  function  MCF  ■  e"1  and  defines  the  phase 

coherence  length  p  ),  then  (13)gives 
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Acoustic  scattering  from  a  moving  turbulent  medium 

S.  F.  Clifford  and  E.  H.  Brown 
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The  scattering  cross  section  of  a  homogeneous  turbulent  layer  found  in  the  existing  theory  assumes 
that  the  mean  motion  of  that  layer  is  zero.   For  acoustic  sounding  in  the  real,  open  atmosphere  the 
most  interesting  experimental  results  are  for  the  case  of  the  turbulent  medium  moving  with  the  mean 
flow.  In  this  case  the  measured  Doppler  shift  indicates  the  average  velocity  over  the  scattering 
volume,  a  technique  currently  being  used  to  extract  vertical  profiles  of  wind  velocity.   We  extend  the 
theory  to  the  case  of  moving  scatterers  and  find  a  modified  angular  dependence  that,  unlike  the 
zero-wind  case,  predicts  a  nonzero  cross  section  at  a  90°  scattering  angle.   Interestingly,  there  is 
essentially  no  change  in  the  form  of  the  backscatter  cross  section,  i.e.,  there  remains  no  contribution 
from  wind  eddies. 

Subject  Classification:  28.20,  28.40;  20.30;  85.88. 


INTRODUCTION 

The  recent  rapid  growth  of  atmospheric  echo-sound- 
ing research  has  led  to  a  revival  of  interest  in  the  prop- 
agation of  acoustic  waves  in  inhomogeneous  media.    In 
the  recent  book  Remote  Sensing  of  the  Troposphere, ' 
several  chapters  are  dedicated  to  analyzing  the  state- 
of-the-art  and  future  potential  of  this  technique.    The 
modification  of  the  acoustic  scattering  properties  of  the 
atmosphere  by  refraction  is  currently  of  great  interest 
to  workers  in  this  field;   some  progress  has  been 
achieved  in  these  studies2-4  and  this  paper  is  a  continua- 
tion of  that  effort. 

The  early  work  on  the  scattering  of  an  acoustic  wave 
in  a  turbulent  medium  is  due  mainly  to  Monin5  and  Ta- 
tarski.6    Using  a  homogeneous  turbulence  model  they 
derived  the  scattering  cross  section  for  the  case  of  zero 
mean  flow.    Recently,   Brown7  developed  the  scattering 
equations  valid  for  a  moving  medium.    The  goal  of  this 
paper  is,   by  applying  the  results  of  Brown,   to  find  the 
analogous  form  of  the  scattering  cross  section  valid  for 
turbulence  in  motion  with  respect  to  the  observer. 

Figure  1  illustrates  the  problem  considered  here.    A 
sounding  is  initiated  in  the  direction  of  ko,  the  wave  vec- 


,7W> 


FIG.   1.     A  schematic  drawing  of  the  acoustic  scattering  pro- 
cess showing  the  sounder  S  and  receiver  R,  with  turbulent  ed- 
dies moving  through  the  scattering  volume  with  a  velocity  v. 


tor  on  the  upward  leg,   and  the  echo  returns  along  the 
direction  of  kt.    The  scattering  volume,   defined  as  the 
intersection  of  the  two  antenna  beams,   contains  refrac- 
tive-index fluctuations  that  are  streaming  by,   advected 
by  the  mean  wind  v.    As  before,  4  we  assume  horizontal 
stratification  of  the  medium  but  not  necessarily  hori- 
zontal wind.    By  repeated  application  of  Snell's  law  in 
this  stratified  medium,   it  becomes  apparent  that  the 
only  important  velocity  as  far  as  refraction  is  concerned 
is  the  velocity  difference  between  source  and  scatterer. 
(The  effects  of  ray  bending,   i.e.,   the  relocation  of  the 
intersection  of  the  incident  and  received  ray  paths,  are 
considered  in  detail  elsewhere.3,4   These  results  indicate 
that  the  change  in  the  scattering  angle  produced  by  ray 
bending  are  of  second  order  in  v/c0,  where  c0  is  the 
mean  sound  speed,   whereas  the  changes  in  scattering 
angle,   arising  from  Snell's  law,   are  first  order  in  r/r0. 
Also,   winds  that  are  perpendicular  to  the  plane  defined 
by  the  scattering  geometry,  v, ,  produce  changes  in  that 
geometry  that  are  second  order  in  vjc0  and  hence  are 
negligible.    Of  course  this  last  effect  may  become  im- 
portant if  the  wind  velocity  normal  to  the  scattering 
plane  is  much  larger  than  the  parallel  component. )   This 
velocity  difference  in  our  model  is  v,   since  we  assume 
zero  wind  at  the  ground.    The  important  change  in  scat- 
tering geometry  produced  by  v  is  the  change  in  magnitude 
and  direction  of  the  incident  wave  vector  from  k0  to  ko, 
and  similarly  for  the  scattered  wave  vector  kj  to  k,. 
This  forces  a  new  Bragg  angle  reflection  condition  for 
the  scattering  process  as  will  be  seen  below. 

I.  ANALYSIS 

The  equations  of  Brown7  show  that  the  scattering 
mechanism  for  a  single-frequency  wave  impinging  on  a 
moving  volume  of  turbulence  may  be  described  by  the 
scattering  equations  for  nonmoving  turbulence  with  the 
replacement  of  the  partial  time  derivative,   9/3/,   by  the 
mean  substantial  derivative,   d/dt  =  3/3/  +v  •  V.    This 
fact  immediately  implies  that,   if  we  are  fixed  with  re- 
spect to  the  moving  medium,   Monin' s  and  Tatarski's 
scattering  results  apply  with  the  substitution  of  k^  and  k\ 
for  ko  and  k1(  respectively.    Then,  the  scattering  cross 
section  as  seen  from  the  ground  is  found  by  solving  for 
ko  and  k\  in  terms  of  k0  using  Snell's  law. 
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The  scattered  acoustic  field  as  viewed  in  a  frame  mov- 
ing with  the  mean  wind  is 

P1(r)  =  -U0/27rr)eJDp(tk,r)(ft0-  k,) 

x/^Vn'(r')exp[t(k0-k1)-r']>  (1) 

where 


»'(r) 


-( 


^(r) 


u'(r) 


+  k.  • 
2T0        '       u>0 


)■ 


(2) 


(The  form  of  Eq.  1  is  a  slight  modification  of  the  result 
given  by  Tatarski, 6  written  to  indicate  the  roles  of  k„ 
and  k,  more  explicitly. )    Equation  1  is  simply  the  spatial 
Fourier  transform  of  the  refractivity  fluctuations,   n  , 
which  are  a  function  of  the  temperature  and  wind  fluctua- 
tions T'  and  u',   respectively.    This  equation  is  valid 
when  the  observer  is  in  the  farfield  of  the  scattering 
volume  V.    The  mean  background  temperature  is  T0, 
and  Aq  and  ui0,  respectively,  are  the  amplitude  and  ra- 
dian frequency  of  the  incident  acoustic  wave.    The  origin 
of  coordinates  for  Eq.  1  is  in  the  scattering  volume  such 
that  the  vector  r  points  toward  the  receiver.    From  Eq. 
1  it  is  apparent  that  the  returned  signal  is  proportional 
to  the  strength  of  the  spatial  Fourier  component,  k0 
-kj,   in  the  refractive  index  field.    In  the  limit  as  V 
—  °°,   this  is  simply  the  Bragg  angle  reflection  condition. 

Following  Tatarski,  using  Eq.   1  and  the  relation  S 
=  (p0/2)clP1(r)P*(r)  eu  we  can  calculate  the  flux  of  scat- 
tered energy  (in  the  moving  frame)  in  the  apparent  direc- 
tion of  the  receiver  as 


ciAZV  „-_ 


(S>  =  (e1-  S)=    Py  (V  kj^lko-kj 


(3) 


where  et  =k1/&1  and  we  have  ignored  the  smoothing  of 
the  refractive-index  spectrum  $n  by  the  finite  size  of 
the  scattering  volume.    The  spectrum  *n  is  defined  as 
the  three-dimensional  Fourier  transform  of  the  correla- 
tion function  Bn ,  where 

B„(rlt  r2)  =  <»'(rI)«'(r2)>.  (4) 

In  terms  of  the  wind  and  temperature  spectra  *(J  and 
*r,   respectively, 


W^^^D, 


4^. 

where  eu  is  a  single  component  of  the  unit  vector  et. 
Next  we  assume  statistical  homogeneity  and  isotropy, 


(5) 


implying  that  4>T(K)  =  <f>T(X)  and  that  4>0  has  the  form 


(6) 


where  6^  is  the  Kronecker  delta  and  E  is  the  energy 
spectral  density  of  the  turbulence.    Equation  6  sub- 
stituted into  Eq.   5  and  finally  into  Eq.  3  requires  evalu- 
ation of  the  term 


ii. 


SM*    -Ml) 


(7) 


E(K) 

for  K  =  k0-k1.    This  is  easily  accomplished  in  exact 
analogy  to  Tatarski  and  <tn(K)  becomes 

*(|k     fch-Mlko-kil)     (l  +  eo-e.irfiOko-k.ljl 
*„l|Ko    «il>  ATt  8ncz       I    1^.^,1  J' 

where  e0  =  Vi0/k0.    The  only  assumption  used  to  obtain 
Eq.  7  is  that  the  wavelength  of  the  sound  in  the  moving 
medium  is^unchanged  by  the  scattering  process  and 
therefore  k0  =fe1$    The  equality  of  k0  and  ifej  merely  ex- 
presses the  fact  that  an  observer  moving  with  the  veloc- 
ity of  the  mean  wind  will  find  the  initial  and  scattered 
wavelengths  identical.    At  this  point  Tatarski  introduces 
the  effective  scattering  cross  section  per  unit  scatter- 
ing volume  per  unit  solid  angle  in  the  form  a  =  (S)  r2/ 
S0V,   where  S0  =  p0c^42y'2  is  the  incident  energy  flux. 
With  Eq.  7  inserted  into  Eq.  3  and  then  normalized  by 
SnV/rz  we  obtain 


o  =  2  *o(e0' 


~Mff    (l+en-  ejEiK) 


2nciK 


*]■ 


(8) 


where  Kz  =  2k\{\  - e0 •  e,].    The  conventional  assumption 


is  to  use  the  Kolmogorov  spectrum6  in  Eq.  8  for  E(K) 
and  $T{K),  where 


£(tf)  =  0.76CV/3ir5/3, 
*r(tf)  =  0.033C2/r11/3. 


(9) 
(10) 


Equations  9  and  10  are  valid  for  wavenumbers  K  within 
the  so-called  inertial  subrange  LJl  «  K«  ZJJ1,  where  /0 
is  the  inner  and  L0  the  outer  scale  of  turbulence.  The 
quantity  C2  is  a  numerical  constant  =1.9,  e  is  the  rate 
of  dissipation  of  turbulent  energy,  and  CT  is  the  "struc- 
ture constant"  of  the  temperature  fluctuations,  a  mea- 
sure of  their  strength. 

Equation  8,   after  inserting  E  and  $T  from  Eqs.  9  and 
10,   becomes 


a  =  0.Q3k\ 


•<v  sj'H^-]"'" 


_13Cf 
To 


(l+ep1 


2rf 


(11) 


II.    SCATTERING  AS  OBSERVED  FROM  THE  GROUND 

Equation  11  is  the  scattering  cross  section  observed 
when  moving  with  the  scatterers.    To  express  a  in  terms 
of  observables  at  the  ground  we  must  use  the  laws  of 
refraction  and  calculate  k0  and  k\  in  terms  of  v,  k„,   and 
kj.    First,   consider  k0.    Snell's  law  implies  that  (see 
Fig.  2) 


*o  *  ®i  ~  k<)  *  '*  ' 


(12) 


i.  e. ,  the  continuity  of  the  wave-vector  component  along 
the  interface.     (Since  we  are  ignoring  the  influence  of 
ray  bending,    the  refractive  effects  of  a  total  wind  change 
V  can  be  found  by  assuming  an  abrupt  discontinuity  of 
velocity  at  the  scatterer.    This  will  give  identical  re- 
sults, using  Snell's  law,  as  would  be  found  using  any 
continuous  velocity  variation  with  altitude  of  the  same 
magnitude.)    The  unit  vectors  e^  and  ey  are  parallel  to 
and  normal  to  the  interface,   respectively.    From  the 
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FIG.     2.     The  scattering  geometry  showing  the  effects  of  re- 
fraction on  the  incident  kg  and  scattered  k,  wave  vectors. 

definition  of  the  acoustic  refractive  index  in  a  medium 
with  a  wave  phase  velocity  c,  n  =  c0/c,  the  refractive 
index  of  the  scattering  volume  with  respect  to  that  near 
the  ground,  due  only  to  the  motion  in  the  medium,  is 

fi  =  c0/[c0  +  v-e0l.  (13) 

The  refractive  index  at  the  ground  is  n  =  1.    Now,  h/n 

=  c0/c  =  k0/k0,  since  k0  -  w0/c  and  k0  =  a>0/c0;  therefore 


k0/h  =  c0/[c0  +  (v-e0)] 


(14) 


From  Eq.    12  we  have  one  component  and  from  Eq.  14 
the  magnitude,  so  the  total  vector  is  obviously 

k0=(k0.aI)e1[  +  *o[U  +m-e0)-2 -(eo-e,)2]1'^,.      (15) 
where  m  =  v/c0  .    [This  formula  is  valid  only  if  we  stay 
away  from  the  critical  angle  defined  by  (1  +  m 'Co)'1 
=  (e0  «ex).     When  the  square  root  becomes  imaginary, 
total  reflection  occurs.  ]   Since  m«  1  in  the  atmosphere 
(c0=  340  m/sec  for  still  dry  air  at  STP),  we  may  retain 
all  quantities  to  first  order  in  m.    Then  Eq.   15  becomes 

M(Vex)eI  +  fc0[l-(e0-ex)2-2m-e0]1/2ey.         (16) 

Note  from  Fig.  1  that  [1  -  (e0  •  ex)2]1/2  =  (e0  •  ey)  and 
therefore 

ko  «  ka(e0  •  ex)  ex  +  k0  (e0  •  ey)  -  "]°°    ey ,  (17) 

valid  only  if  (e0  *  ey)2 »  2m  •  e0.    From  Eqs.  17  or  14, 
we  have  ka  =  k0(l  -  m  *e0). 


On  the  downward  leg  the  refractive  index  formula 
analogous  to  Eq.  12  is  n  =  ca/c  =  cQ/[c0  +  v  «e,],  and  con- 
sequently k1/k1=[l  +m'e!]"1.    To  relate  k%  to  k0  we  note 
again  that  kt  =  k0,  since  the  wavelength  in  the  moving 
frame  does  not  change  in  the  scattering  process.    With 
k0  =  k0(l  -m»e0),  then  ^,  =  fe0(l -m«e0  +  m'ei),  to  first 
order  in  m.    To  complete  the  process,  we  again  invoke 
Snell's  law,  i.e.,  k,  •  e,  =  k,  •  ex,  and  then  the  vector  k\ 
becomes 

with  kx  =  kQ(l  -m«e0)  and  kt  =k0(l  -m^eo  +  m-e!). 

The  resultant  form  of  the  scattering  cross  section  is 
greatly  simplified  by  using  the  following  definitions: 

(e,'m)  =  w,,  (19) 

(e0  ■  m)  =  m0 ,  (20) 

(eo«eI)=cos0,  (e„*ey)=sin4>,  (21) 

(ei-ex)=cos(0  -<p),  (e1-ey)  =  -sin(e-0).  (22) 

The  angle  4>  is  the  launch  angle  of  the  initial  wave  and  9 
is  the  usually  defined  scattering  angle.  [Recall  that,  in 
the  presence  of  wind,  6  is  only  the  apparent  scattering 
angle;  The  true  scattering  angle  8  is  defined  by  (60  •  e^ 
=  cos0.  ]  Results  21  and  22  are  easily  derivable  from 
the  geometry  in  Fig.  2.  Rewriting  k0  and  kv  in  terms  of 
these  definitions,  we  have 


kg  =  k0  cos<pex  +  fc0[sin</>  -  w0csc$]ey 


(23) 


and 


lax  =  kx  cos(0  -  <t>)  ex  -  fe,[sin(0  -  <£)  -  m,  csc(0  -  </>)]  ey , 

(24) 

provided  sin2$  »  2m,,,  sin2(0  -  0)  »  2m,.    To  find  the 
cross  section  from  Eq.  11,  we  must  find  the  quantity 
e0*el  in  terms  of  (0,  <p).    Using  Eqs.  23  and  24,  we  ob- 
tain 

e0'6l  =  [(1  +  m0+  W!)cos0+  m0R-<  m^FT1] ,  (25) 

where  R  =  sin(#  -  4>)/sin<p.    This  expression  substituted 
into  the  appropriate  places  in  Eq.  11  gives  the  final  re- 
sult for  the  mean  wind-dependent  cross  section  am  in  the 
form 


am  =  0.  03  *J/3[(1  +  mo  +  mx)  cos6+  m0R  +  mlR'lY[a(0)]~ 


X(0J3C|+CV^  ^(1  +  Wfl+  Wi)cog2  |_|[Wo(1  u  R)+  Wl(l  _*-')])  [, 


(26) 


where  a(e)  ={(1  +  w,  +  m0)  sin2(0/2)  -  |[w0(l  +  R)  +  w^l 
+  R'1)]}.    (Recall  that  Eq.  26  is  valid  only  for  angles 
that  satisfy  the  inequality  presented  after  Eqs.  9  and  10. ) 
In  the  limit  as  w-0,  a(0)-sin2(0/2)  and 

(T0(e)=0.03feJ/3cos2e[sin(e/2)]-11/3 


0.13C^ 


•cos2(e/2) 


"^ 


(27) 


exactly  as  Eq.  23  in  Chap.  2  of  Tatarski's  book.    Fig- 
ures 3  and  4  illustrate  separately  the  angular  depen- 
dence of  the  scattering  cross  section  for  temperature  and 
wind  fluctuations.    Equation  26  for  the  case  of  a  horizon- 
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Apparent  Scatter  Angle  9 

FIG.  3.     Angular  scattering  dependence  oT  for  temperature 
fluctuations  as  a  function  of  apparent  scattering  angle  0,  with 
a  horizontal  wind  and  a  launch  angle  0=7r/4. 


tal  wind  with  m  =  0.05  and  a  launch  angle,   0  =ir/4,   is 
compared  with  the  corresponding  terms  from  Eq.   27. 

III.   DISCUSSION 

The  restriction  in  angle  given  after  Eqs.  23  and  24  re- 
quires that  we  avoid  using  the  formulas  in  the  case  of 
extremely  small  sounding  angles  0«  2m  or  extremely 
small  receiving  angles  (0-0)«  2m.     These  pose  no  dif- 
ficulty for  practical  sounding  geometries. 

There  are  three  important  influences  of  the  mean  wind 
on  the  turbulent  scattering  process.     Two  of  them  repre- 
sent a  distortion  of  the  normal  radiation  pattern  or  wind 
and  temperature  eddies  and  one  is  a  modification  of  the 
Bragg  angle  reflection  condition.    These  effects  are  ad- 
mittedly small  for  most  scattering  angles,   representing 
5%-10%  changes  in  total  scattered  power,  but  they  take 
on  great  significance  at  an  angle  where  the  zero  mean 
wind  turbulence  cross  section  is  small,  namely,  r?  =  Tr/2. 

The  first  and  most  interesting  effect  is  on  the  factor 
in  the  scattering  coefficient  of  the  wind  fluctuations, 
(1  +  e**  e,)/2.    When  w  =  0,  this  factor  reduces  to 
cos2(0/2),  which  vanishes  at  0  =  tt.    Interestingly,  even 
in  the  presence  of  a  mean  wind  this  term  again  vanishes 
(since  ft=l  where  (9  =  it)  and  there  is  still  only  backseat  - 
ter  from  temperature  eddies.    Secondly,  the  coefficient 
outside  the  brackets  in  Eq.  26  that  reduces  to  cos2f?  in 
the  zero  wind  case,  producing  a  scattering  null  at  f?  =  7r/2, 
no  longer  vanishes  at  6=tr/2.    Consequently,  there  will 
be  scattering  due  to  both  wind  and  temperature  fluctua- 
tions at  right  angles  to  the  incident  wavevector,  k0. 
Thirdly,  the  new  three-dimensional  spatial  Fourier 
component  that  the  sounder  interrogates  as  a  function 
of  angle  is 

K(9,  0,  3)  =  |  kg  - K  |  =  2*0{(1  +  w,  +  wq)  sin2(0/2)  -  (w/2) 

x  [cos(0  -/3)  (1  +  R)  +  cos(<9  -  0  + 13)  (1  +  R'1)] }  llz, 

(28) 
which  reduces  to  the  well-known  K-2k0sin{9/2)  when 
m  =  0.    In  Eq.  28  we  have  used  the  result,  obtained  from 


Fig.  2,  that  m0  -  m cos(<p  -/3)  and  »/[  =  mcos(6  -  4>  +  P), 
where  3  is  the  angle  the  wind  makes  with  the  horizontal 
For  the  angles  of  particular  interest,    0=7f/2,  tt,   Eq.  28 
becomes 


A'(jt/2,  0,  3)  =*  /2  k0\l  -  ( »//2)[cos(0  - (3)  (2+  ctn0) 

+  sin(0  -/3)tan0]} 


and 


K(it,  0,  (3)  «  2fc0[l  -  m  cos(0  -  (3)]  . 


(29) 


(30) 


Equations  29  and  30  show  that  the  Bragg  angle  reflection 
condition  is  modified  on  the  order  of  m,  which  has  a 
maximum  practical  value  of  m~0.05  (?>  =  17  m/sec). 
Half -wavelength-size  eddies  still  produce  essentially 
the  entire  backscatter  return. 

The  only  measurable  change  produced  by  the  presence 
of  wind  is  a  perturbation  in  the  received  signal  strength. 
It  is  convenient  to  compare  the  new  cross  section,   Eq. 
26,  with  the  zero-wind  backscatter  return.    The  back- 
scatter  cross  section  for  zero  mean  wind  is  from  Eq. 
27, 


o-0W=o.oo4C3c!/r21 


(31) 


With  a  mean  wind  velocity  v  =  mc0,  we  obtain  from  Eq. 
26 


CTm(rr)  =(1  -  >u0/3)o0{ti)  , 


(32) 


or  less  than  a  2%  maximum  signal  level  change.    At 
0  =  77/2,  Eq.  26  gives 

o-m(7f/2)  =0. 11  kl0nhz(cp,  /3)[1  -  h(<p,  0)]-I1/6 


0.13C^     C'e 


2,2/3 


ic\ 


j— [1  +*(</>,  0)] 


where 


H<P,  I3)  =  w[cos(0  -  /3)  ctn0  +  sin(0  -  /3)  tan0] 


(33) 


(34) 


To  make  a  meaningful  comparison  of  Eq.  33  with  the 
backscatter  signal  strength  we  must  make  some  further 
simplifying  assumptions.    First  let  the  wind  be  hori- 
zontal,   3=0,  and  let  0  =  it/4.    Second,  assume  that 


£   10 

> 

b 


10 


\\      m  =  005 

\V 

—           \\    i         m  =  ° 

-    m  =  0     \\,      // 

\\l 

Wit  m=°°5 

1  / 
\M 

\  ~ 

\  — 

,       il  i       ii 

50°  90°  180* 

Apparent  Scatter  Angle  8 

FIG.   4.     Angular  scattering  dependence  ct„  for  wind  fluctuation! 
as  a  function  of  apparent  scattering  angle  6,  with  a  horizontal 
wind  and  a  launch  angle  *  =  7r/4. 


J.  Acoust.  Soc.  Am.,  Vol.  55,  No.  5,  May  1974 


19 


933 


Clifford  and  Brown:  Scattering  from  a  moving  turbulent  medium 


933 


C2€2/3/co=10C!/To,  which  appears  reasonable  from 
experimental  work.8    Under  these  conditions  Eq.  33  may 
be  written  as 

o-m(7r/2)  =  275w2CTo(")  •  (35) 

For  m  ranging  from  0.  01  to  0.  05  we  obtain  the  result 
that  o-m(ir/2)  is  between  2.  8%  and  69%  of  the  backscatter 
signal  strength! 

This  result  bears  on  the  possibility,  described  by 
Little,  9  of  resolving  hydrometeor  scattering  from  wind 
and  temperature  turbulent  scattering.    It  appears  that 
it  is  desirable  to  perform  such  experiments  in  relative- 
ly calm  conditions. 

It  is  quite  easy  to  generalize  Eq.  26  to  the  case  of 
horizontally  stratified  temperature  gradients.    These, 
of  course,  produce  a  change  in  phase  speed  at  the  scat- 
tering height,  c  =  c0+&c,  such  that  the  refractive  index 
Formula  12  is  changed  to  n  =  c0/[c0+  Ac+  v»e0].    Follow- 
ing through  the  analysis,  it  is  immediately  apparent  that 
replacing  m0  and  mr  by  ma+  &c/c0  and  »!i  +  Ac/c0  gener- 
alizes Eq.  26  to  the  nonhomogeneous  temperature  case. 
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Estimating  refractive  effects  in  acoustic  sounding 

T.  M.  Georges  and  S.  F.  Clifford 

Wave  Propagation  Laboratory,  NOAA.  Environmental  Research  Laboratories.  Boulder.  Colorado  80302 
(Received  29  Deco.nber  1972;  revised  21  March  1973) 

In  an  earlier  parx.    [J.  Acoust.  Soc.  Am.  52,   1397-1405  (1972)],  we  modeled  the  effects  of 
atmospheric  refraction  on  the  quantities  measured  in  bistatic  acoustic-echo  sounding    Here  we  extend 
those  results  to  the  case  of  monostatic  sounding,  a  configuration  of  particular  interest  experimentally. 
To  estimate  refractive  displacement  of  the  scattering  volume,  we  have  to  assume  linear  wind  and 
temperature  profiles    Two  tables  show  numerical  values  of  refractive  corrections,  calculated  for  both 
representative  monostatic  and  bistatic  geometries. 

Subject  Classification:  28.20,  28.40;  20.30,  20.25;  85.88. 


INTRODUCTION 

In  an  earlier  paper  in  this  journal1  we  developed  a 
simple  model  and  derived  formulas  for  estimating  re- 
fractive changes  of  the  quantities  measured  in  active 
acoustic  sounding  of  the  atmosphere.     Inhomogeneities 
in  the  atmospheric  wind  and  temperature  fields  intro- 
duce refractive  errors  in  measured  Doppler  shift,   in 
the  angular  dependence  of  scatter  by  irregularities,  and 
in  the  location  of  the  atmospheric  volume  being  inter- 
rogated.   We  asserted  that  most  refractive  corrections, 
except  possibly  the  change  in  scattering  angle,   are 
normally  insignificant  for  sounding  heights  presently 
being  probed  (less  than  1  km),  but  that  refractive  effects 
would  become  more  important  for  greater  heights.     To 
illustrate  this  we  will  present  a  table  of  sample  calcula- 
tions for  two  representative  bistatic  sounding  situations. 

Because  monostatic  sounding  is  of  particular  practical 
interest,  and  because  the  extension  of  our  earlier  for- 
mulas to  the  monostatic  case  is  not— in  all  cases- 
straightforward,   we  shall  develop  those  extensions  and 
present  sample  calculations  for  monostatic  sounding  in 
a  second  table.    Except  where  explicitly  noted,  notation 
is  that  introduced  in  the  previous  paper. ' 

I.  CALCULATIONS  FOR  REPRESENTATIVE  BISTATIC 
GEOMETRIES 

A  convenient  bistatic  sounding  geometry  is  illustrated 
in  Fig.   1.    The  sounding  wave  is  launched  vertically, 
and  the  scattered  energy  is  detected  at  a  45°  elevation 
angle  (<pc=  135°  in  the  notation  of  Ref.   1).     The  atmo- 
sphere is  represented  by  wind  and  temperature  profiles 
that  vary  linearly  with  height,    and  propagation  is 
assumed  lossless.     Table  I  shows  calculations  for  two 
sounding  heights,   1  and  5  km,  where  the  horizontal 
wind  speed  reaches  10  and  50  m/sec,  respectively. 

The  refractive  corrections  due  to  wind  and  tempera- 
ture gradients  are  displayed  separately  so  their  effects 
can  be  assessed  independently.    In  the  cases  illustrated, 
the  wind  and  temperature  effects  add,  but  if  either  the 
wind  direction  or  the  sign  of  the  temperature  gradient 
were  reversed,   the  effects  would  tend  to  cancel. 

For  the  1-km  sounding  height,   refractive  corrections 
appear  to  be  smaller  than  typical  observational  errors, 
but  for  the  5-km  sounding  height,    ignoring  refraction 
could  produce  serious  error.     Note  particularly  the 


large  change  in  scattering  angle.     That  the  last  two  rows 
contain  identical  numbers  in  each  column  is  a  result  of 
the  linear  profiles. 

II.   MONOSTATIC  SOUNDING 

A.  Displacement  of  scattering  volume 

In  bistatic  sounding,   the  common  volume  illuminated 
by  the  transmitting  and  receiving  antennas  defines  the 
scattering  volume,  but  in  monostatic  sounding  it  is  nec- 
essary to  use  time-delay  gating  to  define  the  scattering 
volume.     Calculating  the  location  of  the  scattering  vol- 
ume, given  the  total  travel  time  and  launch  angle, 
appears  to  be  difficult  except  for  certain  simple  wind 
and  temperature  profiles.     Specifically,   linear  wind 
and  sound-speed  profiles  yield  circular  ray  paths,  along 
which  the  location  of  a  point  after  a  given  travel  time 
is  readily  calculated. 

For  a  linear  sound-speed  profile,  defined  by 

C  =  C0(l+a2),  (1) 

the  ray  path  x(z)  is,   to  first  order  in  az, 

x  =  z  tan0o  +  (azz/2)  tan0„  ,  (2) 

where  <pa  is  the  ray  launch  angle  from  vertical.    We  cal- 
culate the  height  the  ray  reaches  after  time  Tj  by  first 
writing  the  differential  equation 

dz  =  C0(l  +  ctz)cosq)dt  ,  (3) 

where  $  is  the  angle  from  vertical  to  the  ray  tangent. 
Then,  noting  that 


rf$-  a  sin^sect^z  , 


(4) 


where  a  sin<pa  is  the  ray  curvature,  and  sec  (pjiz  is 
(to  first  order)  an  element  of  length  along  the  ray,  we 
find  that 


cos$  =a  cos0„  -  az  sin0a  tan^>a 


(5) 


(6) 


Substituting  this  into  Eq.  3,  eliminating  higher-order 
terms  in  az,  and  integrating  gives 

z  =  z0-az20/2  (tan2(f>a-l)  , 

where  z0  =  CoT^  cos</>a  is  the  "apparent"  height  after  time 
I*;  (that  is,   neglecting  refraction).    Because  the  ray 
path  and  travel  time  are  the  same  for  upgoing  and  down- 
coming  paths  in  the  absence  of  winds,  the  total  travel 
time  t=  2T! .   So  Eq.  6  is  the  formula  for  the  vertical 
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-3—=  IOm/sec/km 
dz 

■£=+IO°K/km 


-*U=IO(50)m/sec 


FIG.   1.     The  bistatic  acoustic 
sounding  geometry  to  which  the 
calculations  of  Table  I  refer. 


displacement  in  ferms  of  t,  where  z0  =  (C0t/2)  cosrf>0  . 
The  corresponding  equation  for  x  displacement  is  ob- 
tained by  substituting  Eq.   6  into  Eq.   2.   which  gives 

x  =  z0tan(pa+azltanct>a  -  (azl/2)ta.n34,a  .  (7) 

The  last  term  would  normally  be  negligible  for  steep 
sounding  angles. 

Temporarily  neglecting  thermal  refraction,   we  now 
calculate  the  refractive  displacement  in  a  linear  profile 
of  horizontal  wind  defined  by 


u  (z)  =  C0yz 


(8) 


This  is  more  difficult  because  the  ray  paths  and  travel 
times  are  different  for  upgoing  and  downcoming  waves. 
The  ray-path  equation  is 

x  =  ztan<pa+(yzz/2)sec<pa  .  (9) 

We  shall  denote  the  arrival  angle  of  the  returning  ray 
by  4>'c  -  <pa  +  6.     (The  <t>'c  we  use  here  differs  by  tt  from  the 
4>c  used  in  Ref.   1. )    The  equation  for  the  downcoming 
ray  is  the  same  as  for  an  upgoing  ray  launched  at  $c'  in 
a  wind  field  u'=  -u(z);   therefore  the  following  two 
equations  must  be  satisfied  by  the  ray  intersection  at 
the  scatterer: 


x  =  z  tan<t>a  +  (yz2/2)sec0o  , 
x  =  z  tancf>'c  -  (yz2/2)sec0,.'  . 

TABLE  I.     Sample  calculations  of  refractive  corrections  in 
bistatic  sounding. 


(10) 
(11) 


h  =  Urn 

h  =  5km 

QUANTITY 

AT 
contrib. 

AU 
contrib. 

Total 

AT 
contrib 

AU 
contrib. 

Totol 

Af 

0 

0.0 

0.021 

0.021 

0.0 

0.104 

0.104 

Af/f0 
correction 

0.0 

0.00043 

0.00043 
(2.0%) 

0.0 

0.012 

0.012 
(11.5%) 

Ar  chanae 
in  axis  of 

resolution 

-0.4  88* 

-0.102* 

-0.59° 

-2.44" 

-0.511* 

-2.95" 

Ax 

displacement 

fkm) 

0.0 

0.0147 

0.0147 

(1.5%) 

0.0 

0.367 

0.367 
(7.3%) 

Az 

displacement 

(km) 

-0.0085 

-0.0147 

-0.0232 
(2.3%) 

-0.213 

-0.367 

-Q  580 

(11.6%) 

hi  chonqe  in 

scattering 

anale 

-1.685" 

-1.192° 

-2.877° 

-8.425° 

-5.958° 

-14.383° 

1 

ivolent 
ov 

l.72°K/sec 

l.72"K/sec 

r 

ivolent 
av 

3.IOm/sec2 

3.IOm/sec2 

TABLE  II.     Sample  calculations  of  refractive  corrections 
monostatic  soundings. 


h  =  Ikm 

h  =  5  km 

quantity 

AT 

contrib. 

AU 
contrib. 

AT 
contrib 

AU 
contrib 

Af 
To" 

0 

O 

-00416 

0 

-0  208 

Af/f0 
correction 

0 

000173 
(4  15%) 

0 

-O  04  33 
120  8%) 

A  4*    chonge 

in  scattering 

angle 

0 

-2  38° 

0 

-  119° 

Ax 

displacement 
(km) 

+  0  OII8 
1 1   18  %) 

+  0  0104 
(1  04%) 

+  0.295 
(5.9%) 

+  0.26 
(5  2%) 

A* 

displacement 
(Km) 

O 

-  00104 
(1  04%) 

O 

-O  26 

(5  2%) 

8  change  in 
angle  of 
arrival 

0 

i 

1  19° 

0 

5  96° 

The  solution  of  these  equations  for  6(2)  will  be  used 
later: 

6~yzcos$a  (12) 

to  first  order  in  yz.     This,  by  the  way,   is  a  generaliza- 
tion of  the  result  given  in  Eq.  64  of  Ref.   1  for  the  de- 
flection of  the  arrival  angle  in  vertical  monostatic 
sounding. 

The  differential  equation  relating  height  to  travel 
time  along  the  ray  is 

dz  =  (C0  +  h  sin0)cos0rf/  ,  (13) 

where  <p  is  the  angle  from  vertical  to  the  ray  tangent  at 
any  point.     (This  definition  of  $  differs  slightly  from 
that  used  in  Ref.   1,   i.  e. ,   the  angle  of  the  wave  vector 
from  vertical. )    Since  the  ray's  curvature  is  y. 


d<t>  =  ydz  sec0  , 
and  consequently, 

coscp  ~  cos</>a  -yz  tan0o  . 


(14) 


(15) 


Substituting  Eqs.   15  and  12  into  Eq.   13  and  integrating, 
we  get  first-order  equations  for  both  rays  in  terms  of 
travel  time: 


z  +  (yz2/2)sin<k,  tan2  (pa  =  C0ri  cos^  ,  (16) 

yzz 
z~~2~  sin(/)a  tan2r/)a  =  Co(T-T1)(cos0a-yzcos<fja  suk/O  . 

(17) 


r^=  IOm/sec/km 
dz 


dT. 


+  IO°K/km 


— »  U=  I0(50)m/sec 


h=  1  (5)  km 


FIG.   2.     The  monostatic  sounding  geometry  to  which  the  cal- 
culations of  Table  II  refer. 
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Adding  and  solving  for  z(t)  yields 

z  =z0-  (yzl/2)sin<pa  , 
where 


(18) 


z0={C0T/2)cos4>a  .  (19) 

Using  Eq.   9  with  Eq.   18  yields  the  x  displacement 


*  =*0+ (y2J;/2)cosr/>a 


(20) 


Equations  6,   7,   18,   and  20  give  the  first-order  re- 
fractive displacements  caused  by  linear  wind  and  sound- 
speed  profiles.     Displacements  are  relative  to  the  "ap- 
parent" location  of  the  scattering  volume  (x0,   z0),  which 
would  be  calculated  from  the  launch  angle  and  travel 
time  assuming  a  homogeneous,   still  atmosphere.     The 
displacements  caused  by  combined  linear  wind  and 
sound-speed  profiles  are  additive  to  first  order. 

B.   Doppler  shift 

Equation  24  of  Ref.   1  becomes,   in  the  monostatic 
case, 


*'=27(K* 


-K0)'V  + 


27  AC 

L  n    C  n 


sin/3sec0a 


(21) 


Here  K0  and  Ks  are  the  apparent  incident  and  scattered 
wave  vectors  in  the  absence  of  refraction  (see  Eq.  25 
of  Ref.   1),   0  is  the  inclination  of  the  wind  at  the  scat- 
tering height,   and  AC  is  the  difference  between  the 
sound  speed  at  the  ground  and  at  the  scatterer.    This 
formula  assumes  horizontal  stratification  but  does  not 
require  linear  profiles. 

Two  special  cases  make  the  refractive  correction  to 
Doppler  shift  disappear  to  second  order,   namely,   if 
either  the  wind  at  the  scattering  height  is  purely  hori- 
zontal,  or  if  there  is  no  difference  in  temperature  (sound 
speed)  between  the  ground  and  the  scattering  height. 


C.   Scattering  angle 

With  no  refraction,   the  monostatic  scattering  angle 
4>  (between  the  incident  and  scattered  wave  vector)  is 
simply  4>o=  4>c  -  4>a  =  T-    We  calculate  the  refractive 
change  Atf<  =  ip  -  \j)0  using  formula  (Eq.   16)  of  Ref.    1: 

A!/'  =  (AC/C0)(tanr>c'  -  tan^J 

-  («/Co){tan0c'sin((/>c'  +  /3)  +  tan4)asin(0a  +  j3)}  .      (22) 

To  zero  order  $[<*  <£a ,   so  to  first  order 

Ai/-=  -  2(w/Co)tan0a  sin(0a  +  0)  ,  (23) 

which  vanishes  for  vertical  sounding  ($a  =0).     Note  fur- 
ther that  AC  does  not  contribute  to  scattering-angle 
changes. 

III.   NUMERICAL  EXAMPLE  FOR  A  REPRESENTATIVE 
MONOSTATIC  GEOMETRY 

Table  U  shows  the  results  of  numerical  calculations 
of  the  refractive  corrections  for  the  monostatic  sounding 
geometry  shown  in  Fig.   2.     The  same  linear  wind  and 
temperature  profiles  used  to  construct  Table  I  were 
used. 

Note  that  temperature  gradients  contribute  only  to 
correction  of  the  scattering  volume  position,  and  in 
the  special  case  of  r/>.=  45°,  only  change  its x  component. 
The  magnitudes  of  the  Dopper-shift  corrections  are 
larger  than  in  the  bistatic  case,  but  the  changes  in  scat- 
tering angle  are  slightly  smaller. 


'T.  M.   Georges  and  S.   F.  Clifford,  "Acoustic  Sounding  in  a 
Refracting  Atmosphere, "  J.   Acoust.  Soc.   Am.  52,  1397—1405 
(1972). 
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ABSTRACT 

This  paper  describes  a  method  for  obtaining  the  dispersion  properties  of  atmospheric  waves  from  ground- 
based  measurements  of  pressure  and  wind  fluctuations.  Having  found  the  wave  dispersion,  we  can  find  the 
displacement  spectra  of  the  waves  aloft,  making  only  minimal  assumptions  about  the  atmospheric  model 
and  without  having  very  accurate  sounding  information. 

We  have  applied  the  method  to  a  pair  of  events  for  which  we  had  fairly  complete  documentation.  In  one 
case,  the  waves  aloft  were  observed  with  a  vertically-pointing,  high-resolution  FM-CW  radar,  and  we  have 
compared  the  observed  vertical  displacement  spectra  with  those  deduced  from  ground  measurements. 
In  another  case,  the  waves  were  associated  with  a  weather  front  and  a  nearby  tropical  storm.  The  ground 
measurements  permitted  us  to  deduce  the  history  of  the  waves  aloft,  and  we  found  that  the  wave  system 
before  passage  of  the  front  differed  dramatically  from  the  waves  present  after  frontal  passage. 


1.  Introduction 

In  this  paper  we  present  the  results  of  measurements 
and  computations  of  atmospheric  wave  spectra.  We 
show  displacement  power  spectra  deduced  from  pressure 
fluctuations  at  the  ground  and  compare  them  with  the 
corresponding  spectra  of  the  perturbations  of  the  atmo- 
spheric layer  structure  aloft,  as  revealed  by  a  vertically 
pointing  FM-CW  radar  sounder.  We  also  show  mea- 
sured wave  dispersion  curves,  deduced  from  an  analysis 
of  the  surface  wind  and  pressure  perturbations. 

The  measurement  of  wave  spectra  in  the  atmosphere 
presents  difficulties  for  several  reasons.  The  wave  mani- 
festations are  most  accessible  to  measurement  at  the 
ground.  However,  the  fluctuations  in  the  wave  fields  at 
the  ground  are  large  only  when  the  waves  are  long  com- 
pared with  the  height  of  the  main  wave  system  above 
the  ground.  Thus,  the  atmosphere  introduces  a  "hydro- 
dynamic  filter"  between  ground  level  fields  and  fields  at 
higher  levels.  This  filtering  can  only  be  removed,  and 
thus  displacement  deduced,  by  the  assumption  of  a 
model  atmosphere.  Another  difficulty  is  that  the  wave 
phase  velocity  enters  directly  into  the  equations  that 
relate  surface  pressure  and  wind  fluctuations  to  the  dis- 
placement spectrum  of  the  waves.  If  a  model  atmosphere 
is  adopted,  the  needed  phase  velocity  can  be  expressed  in 
terms  of  the  mean  wind  and  temperature  structure  of 
the  assumed  model.  However,  the  resulting  displace- 
ment spectra  depend  strongly  on  the  models  assumed, 
so  their  validity  is  questionable  unless  the  atmosphere 
happens  to  fit  the  model  very  well.  Here  we  describe  a 
method  for  deducing  the  wave  phase  velocity  and  dis- 


persion from  surface  measurements  of  the  wave-induced 
pressure  and  wind  fluctuations  at  the  ground — a  method 
that  is  fairly  independent  of  the  atmospheric  structure. 
We  can  then  calculate  the  displacement  power  spectra 
making  only  noncritical  assumptions  about  the  atmo- 
spheric model.  Since  the  method  provides  the  dispersion 
spectrum  of  the  waves,  the  wavenumber  power  spec- 
trum of  the  waves  can  be  deduced  directly  from  the 
frequency  spectrum. 

In  addition  to  the  contributions  from  the  spectrum  of 
turbulence,  major  contributors  to  the  spectrum  of  pres- 
sure oscillations  in  the  mesofrequency  band  are  convec- 
tion and  gravity  waves  (Gossard,  1960).  Mechanisms 
for  gravity  (buoyancy)  wave  generation  in  the  atmo- 
sphere include  static  instability  (local  convective 
activity)  and  dynamic  instability  (reduction  in 
Richardson  number  within  shear  layers).  The  genera- 
tion of  wave  spectra  by  both  mechanisms  has  been 
examined  theoretically  by  Tolstoy  (1973).  Tolstoy  and 
Herron  (1969)  have  specifically  examined  the  generation 
of  spectra  of  atmospheric  pressure  fluctuations  by 
internal  (untrapped)  gravity  waves  generated  by  the 
jet  stream.  They  treated  waves  with  a  vertical  com- 
ponent of  propagation,  using  the  WKB  approximation 
to  solve  the  problem  of  propagation  through  the 
inhomogeneous  atmosphere. 

Because  balloon  observations  indicate  the  presence 
of  wind  shear  across  isentropic  or  nearly  isentropic 
layers  in  some  cases  of  violent  wave  activity,  Gossard 
(1974)  has  examined  the  conditions  for  dynamic 
instability  in  two  "intensive  mixing"  models  with  shear 
across  statically  neutral,  shear  layers.  The  well-docu- 
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merited  wave  events  on  10  November  1954  and  11 
July  1969  were  two  of  the  observational  cases  show- 
ing strong  shear  across  nearly  adiabatic  layers  which 
provided  the  observational  incentive  for  the  theoretical 
examination  of  that  model.  Since  surface  pressure  and 
wind  data  of  high  quality  were  available  on  both  days, 
we  used  them  to  obtain  the  experimental  results 
described  in  this  paper. 

2.  Measurement  and  computation  of  spectra 

We  first  describe  the  method  for  using  the  surface 
pressure  and  wind  fields  to  deduce  wave  dispersion  and 
spectra,  then  we  explain  the  procedure  used  in  analyzing 
the  radar  sounder  records. 

The  pressure  perturbations  P  in  a  wave  system  are 
related  to  vertical  parcel  displacements  f  by 


W  dz 


(1) 


within  layers  without  shear  in  the  background  wind 
(e.g.,  see  Gossard  and  Hooke,  1974).  Eq.  (1)  assumes 
that  the  Boussinesq  approximation  applies  and  that  the 
amplitude-to-wavelength  ratio  of  the  waves  is  so  small 
that  the  linearized  theory  also  is  applicable.  We  have 
defined  P =  [pu(z) / 'ps]_i p  and  f  =  [po(2)/ps]*?7,  where  p 
and  7]  are  the  actual  pressure  perturbation  and  vertical 
parcel  displacement,  respectively.  The  ambient  pressure 
is  po(s),  and  ps  is  the  pressure  at  some  reference  level 
such  as  the  earth's  surface.  A  two-dimensional  wave 
system  propagating  in  the  x,  z  plane  has  been  assumed, 
and  k  is  the  horizontal  component  of  the  wavenumber. 
The  intrinsic  frequency  co  is  the  wave  frequency  noted 
by  an  observer  drifting  with  the  background  wind  at 
some  level  within  the  wave  system. 

We  wish  to  obtain  the  spectrum  of  f,  say  E{{k),  from 
measurements  of  the  temporal  spectrum  of  /',  say 
Ep(f),  measured  at  the  ground,  defining  /  as  the  wave 
frequency  relative  to  the  ground.  Clearly,  we  must 
somehow  measure  w/k,  i.e.,  the  wave  phase  velocity  as 
a  function  of  frequency,  or  we  must  calculate  it  from 
an  assumed  model.  In  addition,  to  obtain  d^/dz,  we 
must  also  assume  a  model  atmosphere.  We  naturally 
choose  the  simplest  model  that  is  realistic  enough  for 
our  purposes.  We  therefore  adopt  a  model  made  up  of 
layers  in  which  the  Yaisala-Brunt  frequency, 
A*  =  (g/d^Hdd/dz)*,  is  constant  (where  we  have  defined 
d  to  be  the  potential  temperature).  For  the  surface  layer 
(subscript  1),  where  0<z<H,  we  assume  w,  as  well 
as  Ar,  to  be  constant.  Thus,  the  wind  in  the  surface  layer 
is  assumed  to  be  either  constant  or  small  compared  with 
the  wave  velocity.  The  wind  in  the  surface  layer  is 
nearly  always  observed  to  be  light  when  wave  perturba- 
tions are  prominent  in  the  surface  pressure  and  wind 
records.  This  is  probably  because  of  the  high  probability 
of  wave  encounters  with  critical  levels  when  the  wind 


velocity  is  comparable  to  the  wave  velocity.  So 

sin«ic        Ari 


f  =  f//- 


>1, 


or 
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where  f//  is  the  wave  displacement  at  height  H  and 
m=kZ(Xi/u)2-iy=iyi,  where  7i  =  *[l-  (AV")2]*- 
Hence,  Eqs.  (1)  and  (2)  yield,  e.g., 
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where  F0  is  the  pressure  perturbation  at  the  ground. 
The  displacement  power  spectra  become 


Et*<J)> 
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The  "hydrodynamic  filtering"  enters  the  problem 
through  the  factors  sin(wifl)/(»iH)  and  sinh(7i/7)/ 
{y\H),  both  of  which  tend  to  unity  for  «i#«l  and 
7i#«l. 

Gossard  (1960;  1962a,  b)  has  used  Eq.  (6)  to  deduce 
wave  spectra  assuming  a  simple  three-layer  model 
atmosphere  in  which  the  thickness  of  the  middle 
(inversion)  layer  was  arbitrarily  taken  to  be  zero.  Then 


gHA  lnfl 


7itfcoth(7,#)+73# 


(7) 


where  6  is  potential  temperature,  g  the  acceleration  of 
gravity,  and  73  applies  to  the  top  layer  which  is  pre- 
sumed to  extend  to  infinity. 

In  the  present  approach  we  obtain  (u/k)2  from  surface 
measurements,  thus  avoiding  the  most  restrictive 
assumptions  in  the  earlier  work  relating  to  the  atmo- 
spheric model. 

Gossard  and  Munk  (1954)  pointed  out  that  the 
relation 

u     1  p 

-=--,-  (8) 

k      pa  11 

•which  they  termed  the  impedance  equation,  was  of 
great  value  in  analyzing  waves  aloft  from  surface  data 
when  p  and  u  are  measured  at  z  =  0.  In  Eq.  (8),  u  is  the 
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velocity  perturbation  due  to  the  waves  and  represents 
hall  the  vector  difference  between  extremes  in  the 
position  (it  the  total  wind  vector  as  it  oscillates  between 
crest  and  trough  during  wave  passage.  The  situation  is 
shown  schematically  in  Fig.  1.  The  sign  on  u  is  arbi- 
trary, but  must  be  treated  consistently  since  it  deter- 
mines (by  its  correlation  or  anti-correlation  with 
pressure)  the  sense  of  the  direction  of  wave  propagation. 
We  chose  to  define  it  as  positive  for  clockwise  rotation 
of  the  wind  vector.  Consequently,  it  and  p  are  positively 
correlated  when  the  waves  are  coming  from  the  180° 
sector  to  the  left  of  the  mean  wind  and  are  negativelv 
correlated  when  they  come  from  the  right-hand  180° 
sector.  Sign-independent  correlation  between  //  and  p 
is  a  measure  of  gravity  wave  signal-to-noise. 

In  the  present  work  we  have  extracted  u  throughout 
each  time  series  of  wave  perturbations.  We  have  then 
computed  the  power  spectra  of  p  and  n  and  used  them 
to  deduce  quantitatively  the  dispersive  character  of  the 
waves  and  to  obtain  values  of  (a-  k)-  for  insertion  in 
I'.qs.  (5)  and  (o).  The  prot  edure  used  was  to  numeric  ally 
filter  the  wind  speed,  wind  direction  and  pressure  data 
by  using  a  running  average,  triangularly  weighted  about 
the  center  value.  The  filter  was  so  chosen  that  it  low- 
passed  those  frequencies  and  trends  that  were  not  a 
result  oi  the  wave  motion.  The  resulting  low-passed 
time  series  was  used  as  the  mean  value  of  the  wind 
vector.  This  low-passed  wind  vector  was  then  vectori- 
ally  subtracted  from  the  original  time  series  of  wind 
velocity,  and  the  fluctuating  component  caused  bv  the 
waves  {u  in  V\g.  1)  was  extracted  and  spectrum- 
analyzed.  Obviously,  there  is  some  subjeetivit\  in  the 
choice  ot  numerical  filter  to  apph  to  the  records.  We 
chose  to  filter  the  11  July  records  such  that  a  wave  of 
15 -min  period  would  have  its  amplitude  red U(  ed  to  one- 
third  of  its  true  amplitude,  for  the  10  November  re<  ord, 
three  filters  were  tried  in  order  to  test  the  sensitivitv  of 
the  filter  on  the  result,  fillers  were  chosen  such  that 
waves  of  50-,  25-  and  7.5 -min  periods  would  be  one-third 
oi    their  amplitude.    It   was   found   that    the  results  for 
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I  i  ( ■.  I  Wet  or  diagram  illustrating  i  lie-  way  a  «  a\  c  perturbs  die 
.ii  mospheric  wind  field.  The  ii  component  is  the  velot  it  v  perturba- 
i  inn  to  lie  used  in  the  impedance  ei piat ion.  When  the  sensors  are 
below  the  level  ol  main  wave  pcrlurliat  ion  le.g.,  at  I  he  ground)  the 
maxima  in  pressure  are  under  the  wave  <  rests  and  the  sense  of  ii 
at  that  phase  deiermines  die  direi  lion  of  wave  propagation.  The 
clockwise  sense  oi  a  has  hern  arbitrarily  chosen  as  positive. 
I  lierel'ore,  periurha lions  of  />  and  //  arc  in  phase  for  waves  propa  ■ 
gating  from  die  ISO  set  tor  lo  tlie  left  of  the  mean  wind  'as  shown 
schematically  in  I  his  figurci  and  mil  of  phase  for  waves  propa 
gating  from  the  | Ml  sector  to  the  riglil  of  the  mean  wind  fas  in 
Fig.  21.). 


>V  rd  Direction 


/V^ 


Wind  Direction  (low  pass  filtered) 
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Pressure  (high  pass  filtered) 
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I'ic.s.  2a,  l>:  Sample  wind  and  pressure  records  illustrating  the 
analysis  procedure  described  in  this  paper.  The  middle  frame  of 
2li  is  i he  wave  component  of  the  wind  speed  (11  in  Fig.  1).  The 
bottom  frame  of  21>  shows  the  wave  direction  (direction  of  u 
in  Fig.  1). 


26 


September  1974 


E.     E.     GOSSARD    AND     VV.     B.     SWEEZY 


1543 


MAY   15,    1954  -1:"-T 


!i_T 


1  mb 


S  6  7  ■  »  10  II         NOON         12  3  4 


w* 


W 


1  mb 


NOVEMBER  10,  1954 


10  11  12  13 

PACIFIC   STANDARD  TIME 


Fig.  3.  Sample  pressure  records  during  wave  events  at  San  Diego.  Waves  were  recorded  on  standard 
NWS  microbarograph  equipped  with  vibrator  to  minimize  pen  drag.  Wave  event  in  the  bottom  frame  is 
analyzed  in  this  paper  using  very  sensitive  microbarovariograph. 


wave  speed  and  direction  were  insensitive  to  the  filter 
chosen  so  the  middle  value  was  chosen.  However,  if  the 
waves  had  been  strongly  dispersive,  more  influence  by 
the  filter  would,  perhaps,  have  been  found.  A  sample 
of  a  wind  record  so  analyzed  is  shown  in  Fig.  2. 

Of  course,  the  power  spectra  of  u  and  p  are  functions 
of  frequency  /  relative  to  the  fixed  point  where  the 
sensors  are  located,  rather  than  of  the  intrinsic  fre- 
quency a;  appearing  in  the  impedance  equation,  which  is 
the  frequency  relative  to  the  mean  airstream  at  the 
point  where  the  sensors  are  located.  Therefore,  to 
obtain  k  from  /,  it  is  necessary  to  add  algebraically  the 
component  of  the  airstream  velocity  to  the  intrinsic 
wave  velocity,  u/k,  and  use  the  wave  velocity  relative 
to  the  ground  in  the  transformation.  Thus,  if  v  is  the 
component  of  mean  velocity  in  the  direction  of  wave 
propagation, 

2-n- 

k  = /, 

(«/*)+» 

where,  in  general,  u/k  will  itself  be  a  function  of  /.  In 
this  way  the  frequency  spectra  of  Eqs.  (5)  and  (6)  can 
be  transformed  to  wavenumber  spectra.  The  resulting 
spectra  will  be  independent  of  atmospheric  models, 
except  in  the  assumption  of  a  constant  stability  N 
throughout  the  layer  and  the  choice  of  a  height  H 
(within  or  at  the  top  of  the  surface  layer)  at  which  the 
displacement  spectra  are  to  be  evaluated.  Furthermore, 
the  spectra  are  insensitive  to  the  values  of  N  and  H 
chosen,  so  they  can  be  estimated  fairly  successfully 
from  local  raob  data. 

3.  Wave  events  and  observations 

In  choosing  experimental  data  to  use  for  the  calcula- 
tion of  wave  spectra  we  sought  cases  which  were  either 


exceptionally  well  documented,  or  cases  in  which  the 
pressure  and  wind  fluctuations  were  far  greater  than 
normal  in  the  mid-frequency  band  (1  to  30  min  period). 
Since  in  this  study  we  were  primarily  interested  in  an 
accurate  measure  of  the  spectral  form  of  atmospheric 
waves,  we  rejected  two  spectacular  cases  analyzed  by 
Gossard  (1962a,  b)  which  were  observed  at  San  Diego. 
The  case  of  24  July  1957  was  rejected  because  of 
temporal  non-stationarity  in  the  primary  statistical 
characteristics,  and  that  of  15  May  1954  was  rejected 
because  the  inversion  was  so  high  that  atmospheric 
filtering  probably  severely  affected  the  higher  wave- 
number  components  in  the  surface  spectra. 

On  the  other  hand,  the  case  of  10  November  1954  was 
selected  for  re-analysis  by  the  methods  described  above 
because  it  seemed  to  be  statistically  reasonably  uniform 
throughout  the  day  and  because  the  temperature 
inversion  was  low;  in  fact,  it  was  essentially  surface- 
based.  The  average  wind  speed  was  much  less  than  the 
wave  speed  in  the  surface  layer,  so  the  effect  of  wind 
shear  was  negligible.  The  pressure  record  of  10  Novem- 
ber is  shown  along  with  that  of  15  May  in  Fig.  3  as 
recorded  on  a  standard,  National  Weather  Service 
(NWS)  barograph.  The  sounding  data  for  10  November 
from  scheduled  local  raob's  and  pibal's  is  shown  in 
Fig.  4.  Unfortunately,  the  0700  (all  times  I  ST)  pibal 
was  missing  from  NWS  records  so  the  0147  sounding 
of  wind  is  shown  instead.  Obviously,  the  wind  sounding 
is  too  far  removed  in  time  from  the  wave  event  to  be 
useful  for  quantitative  analysis,  but  it  clearly  shows 
that  before  the  wave  event  a  condition  of  strong  wind 
shear  existed  between  800  and  1500  m  MSL  where  a 
nearly  adiabatic  layer  is  evident  in  the  0700  temperature 
sounding. 

A  sensitive  microbarograph  described  by  Gossard 
(1960)  was  used  to  obtain  the  surface  pressure  spectrum. 
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Fig.  4.  Temperature  and  wind  sounding  data  on  10  November 
1954.  No  wind  sounding  was  available  at  0700  PST,  so  the  0147 
sounding  is  shown.  A  value  of  Nt  =  0.024  was  chosen  to  represent 
the  region  below  800  m. 


The  half-power  points  of  its  band-pass  were  90  sec  and 
16  min,  and  the  calculated  spectra  were  corrected  for 
the  high-  and  low-pass  characteristics  of  the  sensors. 
A  low-threshold  cup  anemometer  with  the  same  low- 
pass  characteristics  as  the  microbarograph  was  used  for 
recording  the  wind  speed,  and  a  separate  vane  recorded 
the  direction. 

The  event  of  10  November  was  accompanied  by  a 
small  hurricane  or  tropical  storm  about  1000  km  west 
of  San  Diego.  The  coincidence  in  time  and  location  of 
these  two  rather  rare  events  suggests  that  they  may 
have  been  related  either  directly  or  indirectly,  and  the 
500-mb  analysis  showed  very  high  winds  from  the  south 
over  San  Diego.  However,  the  NWS  1030  surface 
analysis  (at  that  time  called  the  WBAN  analysis) 
showed  a  front  passing  through  the  San  Diego  area 
(see  Fig.  5),  and  the  results  of  the  wave  analysis  (see 
Section  4)  suggest  that  vertical  wind  shear  associated 
with  the  front  may  have  been  a  more  direct  cause. 

The  other  case  chosen  for  detailed  analysis  was  that 
of  11  July  1969  which  occurred  at  San  Diego.  This  case 
was  chosen  because,  in  addition  to  the  surface  wind  and 
pressure  data,  the  waves  were  observed  aloft  using  an 
FM-CW  clear-air  radar  sounder  developed  by  Richter 
(1969).  It  was  also  exceptionally  well  documented,  since 
raob  and  wind  soundings  were  obtained  during  the 
event.  Several  aspects  of  the  records  have  already  been 
described  by  Gossard  el  al.  (1970).  The  radar  record  for 
this  day  is  shown  in  Fig.  6,  and  the  sounding  data  are 
shown  in  Fig.  7.  The  white  areas  seen  in  the  radar  record 
are  showers  that  occurred  off  and  on  all  day.  Spectacular 


mamma  clouds  existed  at  middle  cloud  levels  during 
most  of  the  event.  The  light  curves  in  Fig.  7  were 
obtained  from  a  radiosonde  balloon  launched  at  the 
radar  site  at  1348  and  tracked  by  theodolite.  Un- 
fortunately, the  balloon  was  lost  behind  (or  in)  a  rain 
shower.  The  heavy  curves  are  the  1600  rawinsonde  data 
obtained  by  the  scheduled  launch  at  Montgomery  Field 
about  11  mi  from  the  radar  site.  The  1600  sounding 
shows  an  important  shear  layer  aloft  that  was  missed  by 
the  1348  wind  sounding  due  to  inability  to  track  the 
balloon  above  1600  m.  The  pressure  sensor  used  to 
measure  the  spectrum  on  11  July  1969  was  a  vibrotron, 
absolute  pressure  sensing  device  described  by  Gossard 
et  al.  (1970),  and  the  wind  fluctuations  were  measured 
with  a  standard  aerovane.  A  low-pass  filter  with  a  time 
constant  of  50  sec  was  applied  electronically  both  to 
the  vibrotron  output  and  to  the  aerovane.  The  wind 
speed  in  the  surface  layer  was  again  very  small  com- 
pared with  the  wave  velocity. 

In  many  ways,  the  wave  system  of  1 1  July  was  similar 
to  that  of  10  November.  It  is  clear  from  Fig.  6  that  the 
amplitude  of  the  waves  was  very  large.  At  an  altitude  of 
400  m  the  crest-to-trough  amplitude  sometimes  ex- 
ceeded 200  m.  As  on  10  November,  there  were  strong 
southerly  winds  aloft  and  the  upper  air  charts  showed 
a  jet  from  190°  at  30  m  sec-1.  The  event  also  coincided 
with  an  abrupt  deepening  of  an  upper  trough  over  the 
area.  A  satellite  photograph  reveals  two  tropical  storms 
about  1600  km  south  of  San  Diego,  but  fails  to  establish 
any  visual  association  with  the  wave  event.  It  also 
shows  what  appears  to  be  a  cyclonic  disturbance  in  the 
cloud  structure  about  500  km  west  of  San  Diego. 

The  wind  and  temperature  soundings  show  a  nearly 
adiabatic  layer  with  strong  wind  shear  across  it  at 
2  km  MSL.  The  Richardson  number  calculated  for  that 
height  from  the  sounding  data  is  less  than  0.25,  sug- 
gesting the  strong  possibility  of  dynamic  instability 
(if  not  actual  convective  instability)  at  that  height. 
The  1600  I  ST  sounding  occurred  after  the  waves  had 
almost  ceased,  and  it  is  likely  that  the  wind  shear  was 
even  greater  while  the  wave  event  was  in  progress. 

4.  Results  and  conclusions 

When  we  analyzed  the  records  of  10  November  1954 
as  described  above,  we  obtained  quite  unanticipated 
results.  Two  distinct  wave  regimes  were  found  in  the 
records.  Until  about  1000,  the  waves  were  propagating 
from  slight ly  west  of  south  with  a  speed  of  about 
40  m  sec-1  (Figs.  8  and  9).  After  about  1030,  apparently 
following  the  frontal  passage,  the  waves  came  from  the 
northwest  with  a  speed  of  about  11m  sec-1.  The  beam- 
width  of  the  earlier  waves  was  about  30°  and  that  of 
the  later  wave  regime  about  50°.  During  the  wave  event, 
the  mean  background  wind  averaged  about  4  m  sec-1. 
It  was  from  the  northwest  earl)-  in  the  event  and  thus 
was  nearly  opposed  to  the  wave  direction  during  the 
earl)-  period.  However,  during  this  period   the  wave 
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Fig.  5.  Surface  weather  map  at  1030  PST  10  November.  Note  weather  front 
and  tropical  storm  off  Southern  California  coast. 


Fig.  6.  High-resolution  radar  sounding  showing  waves  aloft  on  11  July  1969.  Sounder  is  vertically  pointing  FM-CVV  radar  (Richter, 
1969).  White  areas  are  showers.  Height  range  was  shifted  for  a  short  time  at  about  1205.  Times  marked  on  record  are  daylight  saving 
time,  so  one  hour  should  be  subtracted  to  obtain  Pacific  Standard  Time.  Horizontal  lines  are  range  markers. 
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Fie.  7.  Sounding  data  for  11  July  1909.  The  sounding  at  1348 
PST  was  made  at  the  radar  site,  but  the  balloon  was  lost  behind 
a  rain  shower  and  no  wind  data  were  available  above  about  1  .(>  km. 
The  1600  sounding  was  the  NWS  sounding  from  Montgomery 
Field,  San  Diego.  A  value  of  A",  =  0.025  was  chosen  to  represent 
the  region  below  800  m. 

velocity  was  very  high.  As  the  event  progressed,  the 
mean  wind  swung  gradually  into  the  northeast  and  so 
was  nearly  at  right  angles  to  the  waves  during  the  later 
wave  regime.  Thus,  throughout  the  event  the  intrinsic 
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Fig.  8.  Directional  distribution  of  the  two-wave 
systems  on  10  November  1954  (see  text). 
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FlG.  9.  Dispersion  curves  for  11  July  1969  and  10  November 
1954  calculated  from  surface  pressure  and  wind  fluctuation 
spectra.  The  rapid  increase  in  k  for  oj>0.02  probably  represents 
the  transition  from  the  wave-induced  perturbations  of  wind  and 
pressure  to  the  turbulence  regime.  The  pressure  spectrum  has 
dropped  about  two  orders  of  magnitude  at  this  point. 

wave  velocities  given  above  were  approximately  the 
same  as  those  of  the  wave  relative  to  the  ground.  Since 
the  records  of  10  November  consisted  of  two  fairly 
distinct  events  they  were  split  into  two  samples  and 
separate  spectra  were  computed.  The  plots  of  dispersion 
(co  vs  k)  are  shown  in  Fig.  9  along  with  the  corresponding 
plot  for  11  July  1909. 

The  pressure  spectra  plotted  against  frequency  are 
shown  in  Fig.  10.  The  spectrum  from  an  event  reported 
by  Clarke  (1962)  which  occurred  in  Australia  between 
1200  and  1800  EST  on  26  January  1960  is  also  shown 
for  comparison.  Clarke  believed  there  was  evidence  of 
two  "lines"  in  the  pressure  spectrum.  The  forms  of  our 
spectra  of  10  November  and  11  July  tend  to  give  some 
support  to  his  view,  although  the  90%  confidence  limits 
for  our  spectra  indicate  the  significance  of  the  peaks  to 
be  marginal  at  best.  However,  the  similarity  in  appear- 
ance of  the  11  July  spectrum  and  the  first  one  on  10 
November  adds  a  little  confidence  to  the  reality  of 
the  spectral  lines.  Since  the  sampling  rate,  sample 
size,  and  spectral  resolution  were  different  in  the  two 
cases,  there  is  little  probability  that  the  similar  appear- 
ance results  from  systematic  errors  in  the  numerical 
analysis.  In  both  cases  the  time  series  were  detrended 
prior  to  the  spectrum  analysis,  and  in  the  case  of 
10  November  the  sensor  also  pre-whitened  the  data. 
A  Hamming  window  was  used  to  smooth  the  spectra. 

The  displacement  spectra  are  shown  in  Fig.  11  plotted 
vs  wavenumber.  We  did  not  attempt  to  calculate  the 
displacement  spectrum  for  the  first  period  on  10 
November  because,  if  the  waves  were  generated  by 
vertical  shear,  they  must  have  been  generated  high  in 
the  troposphere  where  the  upper  air  charts  showed  a 
strong  jet  from  the  sotith  since  their  phase  speed  was  so 
high.  Since  we  are  interested  mainly  in  the  spectra  of 
the  wave  systems  near  their  region  of  generation,  we 
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would  have  to  choose  H  very  large  during  the  first 
period  and  the  spectrum  computations  from  surface 
data  are  unlikely  to  provide  realistic  results  for  wave 
systems  so  high  above  the  ground.  On  the  other  hand, 
assuming  comparable  wave  amplitudes  during  the  two 
periods,  we  conclude  that  the  wave  system  during  the 
second  period  was  low  in  the  atmosphere.  This  follows 
from  Eq.  (4)  which  shows  the  surface  pressure  perturba- 
tion to  be  proportional  to  (u/k)-/H.  Since  w/k  was  only 
11  m  sec""1  during  this  period,  H  (the  height  of  the  base 
of  the  shear  layer)  was  probably  of  the  order  of  1/15  of 
the  corresponding  height  during  the  earlier  period.  We 
have  therefore  calculated  the  displacement  spectrum 
only  during  the  later  period  and  believe  it  to  be  reliable. 
The  very  large  fluctuations  in  the  spectral  values  at 
10-3<&<2X10-3  are  a  result  of  the  two  higher  velocity 
values  seen  on  the  plot  in  Fig.  9  at  u>=  0.016  and 
0.0175.  Above  w  =  0.02  (where  the  pressure  spectra  have 
fallen  off  by  about  three  orders  of  magnitude),  all 
dispersion  curves  show  a  rapid  transition  to  very  low 
velocities — probably  due  to  a  transition  from  wave- 
induced  fluctuations  to  the  turbulent  fluctuation 
regime,  so  the  bulge  in  velocity  near  u>  =  0.()17^is 
probably  not  significant.  The  rms  pressure  perturbation 
during  the  second  period  of  10  November  was  0.47  nib 
and  the  rms  height  perturbation  was  more  than  100  m. 
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Fig.  11.  Spectrum  of  displacement  at  800  m  height  calculated 
from  surface  pressure  records.  Spectra  from  data  scaled  off  of  the 
radar  records  from  returns  at  about  500  m  on  1 1  July  are  also 
shown.  Spectra  are  plotted  in  terms  of  wavenumber.  The  large 
perturbations  which  occur  for  10~3<£<2X  10-3  on  10  November 
are  a  result  of  the  variation  in  wave  speed  at  this  point  in  the 
wavenumber  spectrum  (see  Fig.  9). 
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FlG.  10.  Pressure  spectra  for  11  July  1969  and  10  November 
1954.  Two  spectra  are  shown  for  10  November  corresponding  to 
two  wave  regimes  (see  text).  Range  of  90'  (  confidence  is  shown 
by  bars.  A  spectrum  published  by  Clarke  (1962)  is  also  shown,  but 
the  ordinate  scale  should  be  considered  arbitrary,  since  we  are 
uncertain  of  his  units. 


Fig.  9  shows  that  the  waves  on  11  July  were  traveling 
with  an  intrinsic  velocity  of  about  12  m  sec-1  and  were 
very  nearly  non-dispersive  over  the  spectral  range 
analyzed.  They  were  coming  from  the  southeast 
quadrant,  tending  to  become  more  southerly  as  the 
event  progressed.  Since  the  surface  wind  was  from  the 
northwest  tit  about  4  m  sec""',  the  wave  velocity  relative 
to  the  ground  was  7-8  m  sec-1.  For  comparison,  the 
theoretical  (dashed)  curve  of  dispersion  on  11  July  for 
a  shearless  model  calculated  by  Gossard  el  al.  (ap- 
parently not  very  applicable  in  view  of  the  1600  wind 
sounding)  is  shown. 

The  displacement  spectra  for  11  July  show  evidence 
of  the  two  peaks  mentioned  in  discussing  the  pressure 
frequency  spectra.  In  addition  to  the  displacement 
spectrum  deduced  from  the  pressure  record,  two  spectra 
of  layer  displacement  taken  from  the  radar  record  in 
Fig.  6  are  shown  in  Fig.  11.  The' dotted  curve  is  the 
spectrum  of  the  time  series  from  1045  to  1222,  and  the 
dashed  curve  from  1300  to  1422.  The  spectra  apply  to 
the  layer  occurring  at  an  average  height  of  about  500  m. 
It  could  be  (raced  by  eye  almost  continuously  during 
these  intervals,  even  through  most  of  the  showers,  if 
the  amplitude-modulation  record  were  used  instead  of 
the  intensity-modulation  record  shown  here.  Occasion- 
ally, short  segments  of  record  were  interpolated.  The 
spectra  from  the  radar  records  were  sampled  every 
30  sec  (as  compared  with  60  sec  for  the  11  July  pressure 
record);  however,  the  radar  records  were  slightly  less 
than  half  as  long  as  the  pressure  record,  so  the  90% 
confidence  range  (indicated  by  the  bars  near  the  curves) 
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is  about  the  same  for  all  three  spectra.  The  resolution 
in  the  spectrum  found  from  the  surface  pressure  is 
about  twice  as  good  as  that  for  the  radar  spectra,  which 
may  explain  why  distinct  lines  appear  more  clearly  in 
the  spectrum  deduced  from  surface  pressure.  Clearly, 
the  general  agreement  in  spectral  power  density  is  good, 
but  the  morning  radar  spectrum  shows  considerably 
more  energy  in  the  low  frequencies  than  that  of  the 
afternoon.  Apparently,  the  statistical  nature  of  the 
waves  was  not  as  time-stationary  throughout  the  day 
as  we  had  hoped. 

The  spectra  we  have  shown  here  probably  represent 
only  one  type  of  wave  generation — that  of  dynamic 
instability  associated  with  a  wind-shear  layer.  The 
cases  we  have  described  were  accompanied  by  excep- 
tionally large  pressure  oscillations  at  the  ground.  In 
each  case  the  soundings  reveal  adiabatic  or  nearly 
adiabatic  layers  aloft  across  which  there  is  a  strong 
vertical  shear  in  the  mean  wind ;  in  fact,  both  cases  had 
essentially  a  180°  reversal  in  wind  direction  across  the 
layer,  with  light  winds  below  the  shear  layer  and  much 
stronger  winds  aloft.  These  conditions  are  similar  to 
those  reported  by  Clarke  except  that  the  Adelaide  and 
Melbourne  soundings  did  not  show  the  shear  to  be 
strong  across  the  unstable  layer.  Clarke  reported 
spectacular  mamma  clouds  during  his  event  much  like 
those  observed  during  the  event  of  11  July  1969.  In  both 
of  these  events  the  sounding  data  indicated  the  possi- 
bility of  conditional  instability  at  or  above  the  shear 
layer  which  is  presumed  to  be  the  height  of  wave 
generation.  Thus,  the  wave  perturbation,  resulting 
from  dynamic  instability  in  the  shear  layer,  may  have 
created  local  regions  of  absolute  instability  which  led 
to  mamma  cloud  formation  and  enhanced  the  genera- 
tion of  atmospheric  waves  by  the  release  of  latent  heat 
into  the  system. 

In  conclusion,  the  method  described  in  this  paper 
seems  to  offer  potential  for  using  surface  measurements 
to  monitor  the  speed  and  direction  of  wave  systems 
aloft,  and  to  provide  their  dispersive  characteristics. 
When  they  are  generated  low  in  the  atmosphere  their 
displacement  spectra  may  also  be  deduced.  Only  the 
wind  and  pressure  recorded  routinely  at  weather  sta- 
tions are  required,  but  an  analog  or  simple  digital 
processor  would  be  needed  for  the  filtering  and  the 


extraction  of  the  u  component  of  the  wind.  Only  weak 
assumptions  about  the  atmospheric  model  are  necessary 
to  extend  the  computations  to  include  the  displacement 
spectra  of  the  waves.  The  two  violent  wave  events 
analyzed  in  this  paper  were  apparently  generated  by 
vertical  shear  associated  with  adiabatic  or  nearly 
adiabatic  layers.  The  waves  at  frequencies  correspond- 
ing to  the  highest  three  orders  of  magnitude  of  power 
density  in  the  spectra  of  the  wave  systems  we  have 
examined  here  are  essentially  nondispersive,  as  would 
be  expected  for  waves  generated  (locally)  by  dynamic 
instability  due  to  shear  across  an  isentropic  layer  when 
the  wavelengths  are  not  long  compared  with  the  depth 
of  the  lower  layer  (Gossard,  1974).  However,  we  do  not 
argue  that  shear  wave  generation  need  necessarily  be 
always  associated  with  isentropic  layers,  and  the 
cause/effect  relationship  in  the  cases  analyzed  here  is 
not  clear.  Such  a  neutrally  stable  layer  might  either  be 
created  by  violent  wave  breaking  and  mixing  in  a  shear 
layer  or,  conversely,  be  an  important  factor  in  the  wave 
generation  process. 
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Reply 

Earl  E.  Gossakd 

Wave  Propagation  Laboratory  NOAA/ERL,  Boulder,  Colo.  80302 
10  September  1974  and  21  October  1974 


The  purpose  of  my  paper1  was  to  work  out  the  conse- 
quences of  a  new  shear  model  atmosphere  so  that  its 
predictions  could  be  compared  with  observations  and 
its  representation  of  reality  thus  assessed.  I  therefore 
welcome  Dr.  Browning's  comments  and  hope  others 
will  respond  with  additional  observations. 

In  my  paper  I  did  not  suggest  that  shear  layers 
occur  only  near  isentropic  layers  nor  that  the  periodic 
structures  seen  by  radars  occur  only  at  such  layers. 
I  do  contend  that  shear  across  nearly  isentropic  (and 
even  superadiabatic)  layers  is  not  an  uncommon  occur- 
rence in  the  atmosphere,  and  I  suggest  that  this  condi- 
tion may  lead  to  especially  active  "wave"  generation 

1 1  take  this  opportunity  to  point  out  three  misprints  appearing 
in  my  paper.  A  plus  sign  should  be  inserted  before  u/k  in  Eqs. 
(9)  and  (15).  In  the  line  below  Eq.  (10a)  the  argument  of  ctnh 
should  be  yJJ,  and  in  Eq.  (12)  the  last  term  on  the  left  should  be 
c  instead  of  c1.  These  errors  are  either  typographical  or  misprints 
and  are  not  in  the  final  expressions  nor  in  the  results  shown. 


and  perhaps  to  some  of  the  exceptionally  "narrow-band" 
patterns  seen  by  radars. 

An  example  of  such  active  wave  generation  asso- 
ciated with  strong  wind  shear  across  an  adiabatic  layer 
is  shown  in  Figs.  1  and  2  taken  from  Gossard  and 
Sweezy  (1974).  Fig.  1  shows  radiosonde  sounding  data 
taken  during,  and  at  the  end,  of  the  wave  event  shown 
in  Fig.  2  recorded  by  a  vertically  pointing  FM-.CW 
radar  (Richter,  1969).  The  balloon  released  at  1348 
FST  was  tracked  optically  and  was  lost  behind  a  rain 
shaft  (see  white  areas  in  Fig.  2)  before  reaching  the 
strong  shear  layer  revealed  by  the  1600  rawinsonde  to 
exist  at  a  height  of  2.5  km — shear  layer  which  clearly 
occurred  at  a  level  of  minimum  stability.  Dramatic 
altocumulus  mammatus  middle  clouds  were  observed 
during  the  wave  event.  Unfortunately,  the  FM-CW 
radar  was  unable  to  see  high  enough  to  observe  the 
patterns  within  the  shear  layer  itself,  which  was  pre- 
sumably the  region  of  wave  generation. 
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Fig.  1.  Balloon  sounding  data  on  11  July  1969.  The  sounding 
balloon  launched  at  1348  was  lost  behind  a  rain  shower  and  no 
wind  data  were  available  above  about  1.6  km.  The  1600  sounding 
was  the  U.  S.  National  Weather  Service  sounding  from  Mont- 
gomery Field,  San  Diego. 

Other  examples  of  shear  across  layers  of  minimum 
stability  have  been  provided  to  me  by  Dr.  Timothy 
Keliher,  and  are  shown  in  Fig.  3.  The  soundings 
analyzed  by  Dr.  Keliher  were  cases  of  exceptional  wave 


activity  as  recorded  on  an  array  of  microbarographs 
at  the  surface.  The  speed  and  direction  of  the  waves, 
measured  as  they  propagated  across  the  array,  are 
shown  on  each  frame  of  the  figure.  In  all  cases  the 
agreement  is  good  between  the  speed  and  direction 
of  the  waves  and  the  speed  and  direction  of  the  wind 
in  the  shear  layer  at  the  height  of  minimum  stability. 
(The  adiabatic  lapse  rate  is  indicated  by  the  straight 
line  segment  beside  the  temperature  curves.)  Other 
cases  have  shown  the  shear  layer  to  occur  at  maxima 
in  stability,  but  those  shown  here  demonstrate  that 
shear  occurs  not  uncommonly  across  layers  of  minimal 
stability. 

I  do  not  consider  the  isentropic  character  of  the  shear 
layer  to  be  the  factor  of  primary  importance  in  my 
model.  The  practical  reason  for  assuming  the  shear 
layer  to  be  precisely  isentropic  is  the  applicability 
then  of  solutions  in  terms  of  elementary  functions 
which  makes  multi-layer  models  containing  inversions 
tractable.  The  primary  physical  effect  of  this  assump- 
tion is  to  produce  a  band  of  unstable  wavenumbers  at 
all  scales  of  disturbances  (since,  obviously,  the  Richard- 
son number  cannot  everywhere  exceed  £  in  such  a 
model).  The  width  of  the  band  quickly  becomes  in- 
finitesimal as  the  Vaisala-Brunt  frequency  of  the 
bounding  medium  becomes  large  or  the  shear  becomes 
small. 

I  consider  the  inversions  which  bound  the  shear 
layer  in  my  model  No.  2  to  be  the  characteristic  of 
most  interest.  They  are  responsible  for  the  narrow 
band  of  unstable  wavenumbers  which  characterize  the 
model.  Such  narrow  band  disturbances  are  evident  in 


Fig.  2.  High-resolution  radar  sounding  showing  waves  aloft  on  11  July  1969.  Sounder  is  vertically  pointing  FM-CVV  radar  (Richter, 
1969).  White  areas  are  showers.  Height  range  was  shifted  for  a  short  time  at  about  1205.  Times  marked  on  record  are  daylight  saving 
time,  so  one  hour  should  be  subtracted  to  obtain  Pacific  Standard  Time  (PST).  Horizontal  lines  are  range  markers 
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Fig.  3.  Wind  and  temperature  sounding  data  during  significant  wave  events  recorded  on  pressure  arrays  at  Boulder,  Colo. 
The  short  line  segment  beside  the  temperature  curve  indicates  the  adiabatic  lapse  rate.  Wind  directions  are  indicated  by  the 
figures  alongside  the  wind  speed  curve.  (Courtesy  of  T.  Keliher.) 


the  observations  of  both  Browning  (1971)  and  Katz 
(1972).  This  effect  is  not  likely  to  be  erased  by  some 
small  static  stability  within  the  shear  layer,  just  as  the 
cat's    eye   does   not   depend    critically   on    the   shear 
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Fig.  4.  Kelvin's  original  sketch  of  the  cat's  eye  pattern  dis- 
played with  the  radar  record  from  Browning's  (1971)  Fig.  1,  for 
comparison. 


occurring  in  precisely  homogeneous  (isentropic)  layers, 
although  Kelvin  (1880)  deduced  it  for  such  layers. 

If  created  by  mixing  in  the  shear  layer,  such  bounding 
inversions  would  tend  to  be  thin  and  thus  not  easily 
detected  by  conventional  radiosondes  such  as  those 
used  by  Browning.  They  may  well  provide  the  answer 
to  Dr.  Browning's  question  of  how  a  well-mixed  isen- 
tropic layer  can  give  a  radar  return.  The  necessary 
gradients  would  certainly  be  present  at  the  edges  of  the 
layer  and  would  provide  an  explanation  for  the  clear 
delineation  of  the  cat's  eye  boundaries  seen  in  Fig.  4 
and  similar  double-echo  structures  commonly  seen  by 
radars.  Kelvin's  original  sketch  of  the  cat's  eye  is  shown 
in  Fig.  4  along  with  the  radar  record  from  Browning's 
Fig.  1  for  comparison. 

In  case  other  workers  attempt  to  deduce  ratios  of 
wavelength  to  layer  thickness  from  radar  records  as 
Dr.  Browning  and  I  have  done,  it  is,  perhaps,  well  to 
point  out  that  the  wavelength  of  the  intersecting 
sinusoids  at  the  critical  level  is  twice  the  wavelength 
of  the  disturbances  generated  as  shown  in  the  deriva- 
tion of  the  cat's  eye  given  in  the  Appendix  of  my  paper, 
so  the  appropriate  length  is  the  width  of  the  eye  itself. 
Dr.  Browning  informs  me  that  this  is  the  length  scale 
that  he  also  used,  so  this  should  not  lead  to  any  dis- 
crepancy in  our  results.  However,  for  the  width  of  the 
layer  he  chose  the  distance  between  the  centers  of  the 
radar  echos  (i.e.,  the  eyelids  in  Fig.  4)  whereas  I  chose 
the  outer  edges  of  the  echos.  In  Fig.  4  this  leads  to  a 
layer  thickness  of  400  m  by  his  method  and  700  m  by 
mine.  Thus  the  choice  of  different  methods  in  compiling 
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A  VERSATILE  THREE-DIMENSIONAL  RAY  TRACING 
COMPUTER  PROGRAM  FOR  RADIO  WAVES  IN  THE  IONOSPHERE 

R.  Michael  Jones  and  Judith  J.  Stephenson 


This  report  describes  an  accurate,  versatile  FORTRAN  computer  program 
for  tracing  rays  through  an  anisotropic  medium  whose  index  of  refraction 
varies  continuously  in  three  dimensions.  Although  developed  to  calculate 
the  propagation  of  radio  waves  in  the  ionosphere,  the  program  can  be  easily 
modified  to  do  other  types  of  ray  tracing  because  of  its  organization  into 
subroutines. 

The  program  can  represent  the  refractive  index  by  either  the  Appleton- 
Hartree  or  the  Sen-Wyller  formula,  and  has  several  ionospheric  models  for 
electron  density,  perturbations  to  the  electron  density  (irregularities), 
the  earth's  magnetic  field,  and  electron  collision  frequency. 

For  each  path,  the  program  can  calculate  group  path  length,  phase 
path  length,  absorption,  Doppler  shift  due  to  a  time-varying  ionosphere, 
and  geometrical  path  length.  In  addition  to  printing  these  parameters  and 
the  direction  of  the  wave  normal  at  various  points  along  the  ray  path,  the 
program  can  plot  the  projection  of  the  ray  path  on  any  vertical  plane  or 
on  the  ground  and  punch  the  main  characteristics  of  each  ray  path  on  cards. 

The  documentation  includes  equations,  flow  charts,  program  listings 
with  comments,  definitions  of  program  variables,  deck  set-ups,  descriptions 
of  input  and  output,  and  a  sample  case. 
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Dispersion  and  spectra  of  gravity  waves  probably 
generated  by  a  convective  storm 
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(Manuscript  received  February  12,  1974) 

ABSTRACT 

In  this  paper  we  describe  a  case  study  of  progressive  gravity  waves  in  the  troposphere. 
We  deduce  their  propagation  speed  and  direction,  and  their  dispersive  characteristics, 
from  surface  spectra  of  wind  and  pressure.  We  compare  the  results  with  direct  measure- 
ments of  the  waves  made  over  an  array  of  spaced  pressure  sensors  using  cross  spectrum 
techniques  and  an  algorithm  developed  by  one  of  us  (Young).  The  agreement  is  very 
satisfactory  and  demonstrates  the  feasibility  of  monitoring  atmospheric  wave  condi- 
tions in  almost  real  time  using  only  sensors  (high  quality)  in  use  at  standard  weather 
observation  stations.  The  waves  in  the  case  we  describe  were  highly  dispersive  and  ap- 
parently were  generated  by  a  violent  thunderstorm  some  100  km  west  of  the  site  of  ob- 
servation. 


1.   Introduction 

Atmospheric  gravity  waves  and  convective 
activity  are  important  contributors  to  the 
atmospheric  pressure  spectrum  in  the  band  of 
periods  from  about  1  minute  to  1  hour  (Gossard, 
1900).  The  form  of  the  spectrum  of  displace- 
ment of  the  density  surfaces  (or  isentropes), 
and  the  dispersion  characteristics  of  propagating 
disturbances  reveal  much  about  the  mechanism 
of  their  generation  (Gossard,  1974).  In  this 
paper  we  measure  the  spectrum  and  the  dis- 
persion of  gravity  waves  apparently  generated 
by  a  severe  convective  storm  on  8  August  1972 
in  southeastern  Colorado.  The  wave  spectra 
and  the  dispersion  of  the  waves  we  will  discuss 
are  dramatically  different  from  the  spectra 
and  dispersion  of  waves  analyzed  by  Gossard 
&  Sweezy  (1974)  which  they  concluded  were 
generated  by  dynamic  instability  associated 
with  shear  in  the  middle  troposphere. 

A    method   devised    by    Gossard     &    Sweezy 


1  This  paper  was  prepared  while  the  senior 
author  was  a  visiting  scientist  at  the  National 
Oceanic  and  Atmospheric  Administration,  En- 
vironmental Research  Laboratories,  Boulder.  Colo- 
rado, under  the  sponsorship  of  the  Royal  Norwegian 
Council    for    Scientific    and    Industrial     Research. 
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(1974)  will  be  used  for  determining  the  dis- 
persive characteristics  of  the  observed  waves, 
and  we  will  compare  it  with  direct  measure- 
ments of  the  speed  and  direction  of  wave 
components  across  an  array  of  spaced  pressure 
sensors.  For  the  latter  analysis  we  use  the 
digital  techniques  and  computer  algorithm 
devised  by  one  of  us  (Young)  to  carry  out  a 
cross  spectral  analysis  between  spaced  sensors 
in  such  a  manner  that  the  "beam"  of  the  array 
is  effectively  steered,  or  swept,  continouously 
through  300  deg  of  azimuth. 

In  addition  to  the  usual  temporal  filtering 
commonly  used  to  extract  mesofrequency 
information,  we  have  used  sensors  capable  of 
spatially  filtering  the  atmospheric  spectrum, 
and  in  this  paper  we  will  discuss  the  merits  of 
such  spatial  filtering  for  sorting  out  the  con- 
tribution of  atmospheric  waves  for  analysis. 
We  will  show  that  by  vise  of  such  a  spatial 
averaging  of  the  wind  field,  the  large  mesoscale 
features  in  the  wind  spectrum  can  be  effectively 
extracted  from  the  turbulence  "noise". 

2.   Analytical  techniques 

In  the  method  of  Gossard  &  Sweezy  (1974), 
the  spectra  of  surface  pressure  and  wind  are 
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Pressure  Minimum 


Pressure  Maximum 


Fig.  1.  Vector  diagram  for  extracting  the  wind 
component  U  along  the  wave  from  fluctuations  of 
the  total  wind. 


combined  to  obtain  the  "spectrum"  of  intrinsic 
phase  velocity  of  waves  in  the  mid-frequency 
band  of  the  spectra  of  atmospheric  properties. 
Within  the  constraints  of  the  linearized  theory 
and  the  Boussinesq  approximation,  they  point 
out  that   (e.g.,   see   Gossard    &   Hooke,    1974) 
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In  these  equations 
U,  f  *=[Qo(z)lQs]ll!>u> 


and  P=[eo(2)/e,r1/V 


where  u,  p,  and  r\  are,  respectively,  wave 
perturbations  of  the  horizontal  wind,  pressure 
and  isentropic  surfaces;  g0(z)  is  the  unperturbed 
density  and  gs  is  the  density  at  some  reference 
level  such  as  the  earth's  surface.  The  wave 
frequency  relative  to  an  observer  moving  with 
the  mean  flow  is  u>  (the  intrinsic  frequency) 
and  the  wavenumber  k  =  2njk  where  A  is  wave- 
length. Then  the  displacement  spectrum  at 
height  H  within  a  surface  layer  of  constant 
Vaisala  Brunt  frequency  N  and  constant  wind 
is  related  to  the  pressure  spectrum  at  the  surface 

by 
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where  B  is  sin  n^HjnyH  or  sinh  yxH\yxH  de- 
pending on  whether  N1/co  is  greater  than  or  less 
than  unity.  The  dispersion  equation  for  waves 
of    infinitesimal    amplitude    relating    n    to    the 


wave  frequency  to  and  wavenumber  k  through 
the  Vaisala-Brunt  frequency  N  =  y(gjd)  dd/dz 
(where  6  is  the  potential  temperature)  is 
essentially  (see  Gossard    &  Hooke,  1974) 
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for  waves  whose  vertical  wavelength  is  small 
compared  with  the  atmospheric  scale  height. 
Also,  the  relation 
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provides  a  measure  of  the  wave  dispersion 
when  the  spectra  contain  an  important  wave 
contribution.  The  wind  component  U  must  be 
extracted  vectorially  from  fluctuations  of  the 
total  wind  as  illustrated  in  Fig.  1.  This  is 
accomplished  by  choosing  a  suitable  numerical 
lowpass  filter  to  apply  to  wind  speed  and  direc- 
tion, thus  separating  the  mean  wind  from  the 
total  wind.  The  same  low-pass  filter  is  applied 
to  the  pressure  record.  However,  our  pressure 
sensing  system  had  its  own  high-pass  filter, 
with  a  time  constant  of  50  sec,  whose  effect  had 
to  be  removed  from  the  final  spectrum.  A  low- 
pass  numerical  filter  was  chosen  such  that  a 
perturbation  of  15  min  period  would  have  its 
amplitude  reduced  to  one-third  the  true  value. 
The  time  series  of  wind  and  pressure  were 
sampled  every  second  and  then  averaged  over 
20  sec  intervals. 

Young's  method  of  processing  data  from 
spaced  sensors  is  to  azimuthally  steer  the  array 
beam  in  either  the  time  or  frequency  domains. 
It  differs  from  other  algorithms  such  as  that  of 
Mack  &  Smart  (1972)  primarily  in  having 
greater  flexibility  in  choice  of  bandwidth  when 
signal  velocity  is  approximately  independent 
of  frequency  as  in  the  case  of  acoustic  waves. 
This  is  accomplished  by  processing  in  terms  of 
the  wave  "slowness"  (defined  as  the  inverse  of 
velocity)  rather  than  processing  in  frequency- 
wavenumber  space.  Varying  the  frequency 
bandwidth  has  little  influence  on  the  average 
within  the  band  when  "slowness"  is  relatively 
constant  over  the  band,  so  the  algorithm  is 
adaptive  in  choosing  an  optimum  trade-off 
between  confidence  and  spectral  resolution. 
When  applied  to  gravity  waves,  the  assumption 
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of  little  dispersion  is  no  longer  necessarily  valid 
as  we  shall  see  when  results  are  discussed. 

3.   Observational  techniques 

The  pressure  sensors  used  in  this  study  were 
essentially  like  that  described  by  Bedard  (1971), 
except  that  the  filter  amplifiers  producing 
the  various  bandpasses  shown  in  his  Fig.  3 
were  not  employed.  Therefore  the  high  fre- 
quency response  was  practically  unlimited 
(as  far  as  gravity  waves  are  concerned)  and  the 
high-pass  characteristic  can  be  described  by  the 
single  time  constant  of  50  sec.  Each  pressure 
sensor  had  30  m  of  hose  attached,  into  which 
hypodermic  needles,  used  as  orifices,  were 
inserted  at  intervals  of  1.5  m.  The  hose  served 
to  spatially  filter  out  small  scale  turbulent 
inhomogeneities  in  the  pressure  field.  The  total 
pressure  array  consisted  of  a  small  array  within 
a  larger  array  as  shown  in  Fig.  2.  The  small 
array  was  designed  primarily  to  look  at  rela- 
tively small  scale  features  within  the  boundary 
layer,  and  the  large  array  was  designed  to 
observe  larger  scale  features  such  as  infrasound 
or  long  waves  higher  in  the  atmosphere.  In 
the  present  study,  additional  spatial  filtering 
of  the  pressure  field  was  achieved  by  averaging 
pressure  over  the  small  array  of  sensors  to 
obtain  the  spectrum  of  pressure  for  use  in 
eqs.  (2)  and  (4). 

The  anemometers  used  in  the  present  study 
were  bivanes  with  a  high  frequency  response 
limited  to  approximately  one  Hz.  However, 
our  primary  source  of  wind  data  was  a  unique 
system  designed  and  built  by  G.  Ochs  and  more 
completely  described  by  Lawrence  et  al.  (1972) 
and  Kjelaas  &  Ochs  (1974).  The  system  uses  a 
laser  path  to  measure  the  average  wind  (some- 
what weighted  toward  the  center  of  the  path) 
transverse  to  the  path  by  measuring  the  veloc- 
ity of  the  scintillation  pattern  at  the  receiver 
end.  Clearly,  only  two  such  paths  are  needed 
to  obtain  a  value  of  the  total  horizontal  wind. 
However,  the  system  was  used  in  a  triangular 
configuration  so  that  horizontal  miss  conver- 
gence and  divergence  could  be  measured 
(Kjelaas  &  Ochs,  1974).  This  is  also  a  suitable 
configuration  for  obtaining  wind  spatially 
averaged  over  the  area  of  the  triangle.  The 
laser  triangle  is  shown  in  Fig.  2. 

The  results  of  the  analysis,  using  the  spatially 
averaged    pressure    and    winds    as    described 
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Fig.  2.  Layout  of  the  experimental  configuration. 
The  solid  triangle  is  the  laser  triangle.  Points 
marked  Ml,  M2,  M3  are  the  small  microbarograph 
array,  while  M4,  M5,  M6,  M7  denote  the  larger 
array.  M7  is  20  m  from  the  tower  base. 


above,  were  compared  with  results  using  point 
sensors.  The  advantage  of  using  the  laser  winds 
was  especially  evident,  and  values  of  U  ob- 
tained from  bivane  and  from  the  laser  triangle 
are  shown  for  comparison  in  Fig.  5.  Apparently 
the  removal  of  small  scale  turbulence  "noise" 
by  the  spatial  filtering,  accomplished  by  laser 
path  averaging  of  the  wind  field,  significantly 
improves  the  wave  signal-to-noise. 


4.   Experimental  results 

The  case  chosen  for  analysis  was  an  event 
which  occurred  in  the  early  morning  hours 
(0100-0230  MDT)  on  8  August  1972  at  Haswell, 
Colorado.  Records  of  the  waves  of  this  event 
have  been  analyzed  using  an  acoustic  sounder 
triangle  and  the  results  published  by  Kjelaas 
et  al.  (1974)  from  whose  paper  the  acoustic 
sounder  records  in  Fig.  3,  showing  most  of  the 
time  interval  we  analyzed,  have  been  extracted. 
It  is  the  purpose  of  our  paper  to  analyze  the 
dispersion  and  spectral  characteristics  using 
the  observational  techniques  described  above 
and  try  to  deduce  the  mechanism  of  wave 
generation. 

The  pressure  record  and  the  unfiltered  and 
low-pass  filtered  wind  speed  from  the  laser 
triangle  are  shown  in  Fig.  4.  The  results  of 
carrying  out  the  vector  subtraction  indicated 
in  Fig.  1  are  shown  in  Figs.  5  and  6.  Fig.  5 
shows  the  time  series  of  the  component  U  from 
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Fig.  3.  Acoustic  sounder  record  of  part  of  the  event  analyzed  in  this  paper.  LT  is  Mountain  Daylight  Time. 
To  convert  to  UT  add  6  hours  to  LT.  (From  Kjelaas  et  al.,  1974). 


the  laser  winds  along  with  the  corresponding 
quantity  from  the  bivane  at  30  m  elevation  on  a 
nearby  tower.  The  fluctuating  component  due 
to  the  waves  is  much  more  evident  in  the  laser 
wind  measurements.  We  have  chosen  U  as 
positive  for  clockwise  rotation  of  the  wind 
vector.  Therefore,  U  and  P  are  positively 
correlated    when    the    waves    come    from    the 


Local  Time 

Fig.  4.  Pressure  recording  together  with  the  low- 
pass  filtered  and  unfiltered  laser  wind.  No  scale  is 
included  for  pressure  since  the  instrument's  filter 
characteristic  has  not  been  removed. 


180  deg  sector  to  the  left  of  the  mean  wind, 
but  they  are  negatively  correlated  when  they 
come  from  the  right-hand  180  deg  sector  (as  is 
the  case  for  the  principal  peak  in  the  directional 
distribution  shown  in  Fig.  6).  Some  phase  shift 
results  from  the  high-pass  filtering  of  the 
pressure  fluctuations  by  the  pressure  instrument. 
Fig.  6  shows  the  directional  distribution  of  the 
waves  found  by  the  method  of  Gossard  & 
Sweezy  (1974).  The  arrows  superimposed  on  the 
direction  histogram  show  the  directions  ob- 
tained using  Young's  algorithm  and  the  spaced 
array  data.  The  arrow  from  270  deg  applies  to 
the  band  from  21  min  to  80  min,  and  that  from 
225  deg  applies  to  the  entire  band  from  4  to 
80  min.  period. 

Fig.  7  shows  the  dispersion  plot  of  phase 
velocity  vs.  frequency  by  the  method  of  Gossard 
&  Sweezy,  together  with  the  results  of  Young's 
analysis  from  spaced  array  data  shown  for 
frequency  bands  indicated  by  the  bars.  The 
spacing  of  elements  in  the  array  produces  a 
high-frequency  cut-off  in  the  array  spectra. 
The  excellent  agreement  is  a  very  convincing 
argument  for  the  validity  of  both  techniques. 
At  a  frequency  of  2  x  10~3  Hz,  the  power  in  the 
spectrum  (see  Fig.  10)  has  diminished  by  two 
orders    of    magnitude    from    the    peak    power. 
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Fig.  5.  Wind  component  U  along  the  wave  direc- 
tion. Tapper  curve  is  obtained  using  the  laser  tri- 
angle, while  lower  curve  is  from  the  bivane  at  30  m 
on  a  nearby  tower. 

Thus  we  do  not  consider  the  velocities  in  Fig.  7 
to  be  significant  at  frequencies  higher  than 
about  2  ■  10-3  Hz.  During  this  wave  event, 
the  average  surface  winds  were  very  light 
(about  1  m  s_1)  and  were  mostly  between  north 
and  east  in  opposition  to  the  wave  direction. 
We  have  attempted  to  obtain  C,  the  true  wave 
velocity  relative  to  the  ground,  by  subtracting 
1  m  s_1  from  co/k.  This  actually  lessened  the 
agreement  in  the  results  of  the  two  techniques. 
Fig.  8  shows  the  plot  of  co  vs.  k.  On  this  plot 
the  slope  of  the  line  from  the  origin  to  any 
point  on  the  curve  represents  the  intrinsic 
phase  velocity,  and  the  slope  of  the  tangent  to 
the  curve  is  the  group  velocity  given  by  diu/dk. 


270' 


Fig.  6.  Directional  distribution  of  the  waves. 
Tellus  XXVII  (1975),  1 
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Fig.  7.  Phase  velocity  vs.  frequency.  The  horizontal 
bars  are  the  phase  velocities  for  different  frequency 
bands  found  by  applying  Young's  technique  to  the 
large  microbarograph  array.  Power  density  of  fre- 
quencies greater  than  ~2  ■  10~3  Hz  is  about  two 
orders  of  magnitude  down  from  the  peak  in  the 
power  spectrum,  so  such  points  probably  have  no 
significance. 


Fig.  9a,  6,  c  shows  the  RAWINSONDE  data 
obtained  at  0457  MDT  (the  sounding  nearest  in 
time  to  the  wave  event).  Unfortunately,  the 
sounding  does  not  well  represent  the  lowest 
layers  at  the  time  of  the  waves,  because  a  high 
surface  wind  sprang  up  at  about  0400  MDT 
apparently  due  to  outflow  from  the  cool  down- 
draft  of  a  thundershower  occurring  locally  at 
about  that  time.  The  high  wind  at  the  surface 
mixed  the  air  within  the  radiation  inversion 
and  elevated  it.  We  have  used  the  surface  wind 
and  temperature  data  at  the  time  of  the  wave 
event  and  the  temperature  and  wind  data  at 
the  top  of  a  nearby  151  m  tower  (see  Fig.  2) 
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Fig.  8.  Intrinsic  frequency  as  a  function  of  the 
wavenumber.  Only  the  fundamental  mode  is 
shown  for  model  no.  1. 
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Fig.  9.  Radiosonde  at  0457  MDT.  The  circles  shown 
are  the  wind  and  temperature  data  from  the  tower 
at  the  time  of  the  wave  event.  The  various  atmos- 
pheric models  discussed  are  shown  as  dashed  curved. 


to  attempt  to  correct  the  sounding  data  back 
to  the  time  of  the  event.  The  values  are  shown 
as  circles,  and  two  atmospheric  models  we 
analyze  in  the  next  section  are  shown  as  dashed 
and  dash-dot  curves  in  Fig.  9c. 

Fig.  10  shows  the  spectrum  of  layer  displace- 
ment at  a  height  of  200  m  calculated  from  eq. 
(2).  Both  the  spectrum  in  Fig.  10  and  the  dis- 
persion in  Fig.  8  differ  significantly  from  the 
corresponding  quantities  found  by  Gossard 
and  Sweezy  from  the  data  taken  at  San  Diego, 
Calif.,  under  conditions  of  wind  shear  and 
instability  aloft.  The  spectrum  in  Fig.  10 
implies  an  r.m.s.  amplitude  of  38  m  for  the 
waves  at  a  height  of  200  m. 

5.   Comparison  with  models 

The  light  winds  aloft  shown  in  Fig.  9  and  the 
relatively  low  surface  and  tower  winds  at  the 
time  of  the  event  (compared  with  the  wave 
velocity  of  about  10  m  s_1  at  the  spectrum 
maximum)  imply  that  shear  is  not  the  generating 
mechanism  for  these  waves.  Furthermore,  the 
waves  are  propagating  against  the  background 
winds.  Therefore  it  seems  reasonable  to  compare 
the  predictions  of  a  shearless  model  with  the 
observed  dispersion. 

We  adopted  a  shearless  model  consisting  of 
three  layers  rather  than  more  realistic  models 
with  many  layers  because  a  three-layer  model 
can  be  studied  analytically  whereas  models 
with  four  or  more  layers  are  more  effectively 
studied  using  numerical  methods  on  high  speed 
computers.  We  used  a  normal  mode  approach 
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Fig.  10.  Spectrum  of  layer  displacement  at  a  height 
of  200  m. 


leading  to  an  eigenvalue  equation  whose  deriva- 
tion is  given  by  Gossard  et  al.  (1970).  They  find 
that 


cot2«.„AH  = 


n<i  - 


Va 


cot  n,  H 


>i1  cot  nl  H  +  y3 


(••) 


where  the  subscripts  apply  to  the  three  layers 
of  a  model  shown  schematically  in  Fig.  12.  Eq. 
(5)  was  applied  to  the  two  models  shown  by  the 
dashed  and  dash-dot  curves  in  Fig.  9  c  (see 
caption  of  Fig.  12).  In  model  no.  1  the  thickness 
2AH  of  the  middle  layer  is  zero  so  it  is  a  two- 
layer  model  for  which  eq.  (5)  becomes  (see 
Gossard  &  Hooke,  1974) 


tan  IahI/  I—1 


) 


(6) 


The  resulting  dispersion  curves  for  the  two 
models  are  shown  plotted  on  Fig.  8  for  compar- 
ison with  the  observed  values.  .To  avoid  con- 
fusion from  too  many  curves  on  the  plot,  only 
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Fig.  11.  Rader  weather  map  at  2135  MST  (2235  LT)  obtained  using  the  rader  at  Limon,  Colorado. 


the  fundamental  mode  of  model  no.  1  has  been 
plotted,  but  the  second  and  third  modes  are 
shown  for  the  three-layer  model. 

Model  no.  1  provides  the  best  fit  to  the  gross 
features  of  the  observed  dispersion  curve,  but 
model  no.  2  fits  the  low  frequency  portion  of 
the  curve  (a><0.02)  almost  exactly.  In  actual 
fact,  if  the  waves  have  propagated  some  100  km 
from  the  storm  area,  the  path  was  undoubtedly 
variable,  representing  combinations  of  the 
various  models  here  considered.  For  frequencies 
(u  <N3,  real  roots  to  eq.  (5)  do  not  exist.  This 
means  that  such  waves  "leak"  energy  upward 
away  from  the  stable  layers. 

The  important  fact  to  note  is  that  the  ob- 
served waves  are  strongly  dispersive  as  would 
be  expected  from  the  shearless  models.  If  the 
waves  had  been  generated  by  dynamic  insta- 
bility at  a  shear  layer,  the  unstable  irregularities 
would  all  travel  with  the  mean  wind  speed  at 
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the  center  of  the  shear  layer  if  the  model  is 
symmetrical  with  infinite  upper  and  lower  layers. 
If  we  consider  a  three-layer  model  in  which  the 
lower  layer  is  not  of  infinite  depth,  those  wave 
lengths  long  compared  with  its  depth  will  no 
longer  travel  with  exactly  the  speed  of  the 
mean  wind  (see  Gossard,  1974),  but  the  effect 
is  small  for  the  wavenumber  range  we  consider 
here.  The  waves  studied  by  Gossard  &  Sweezy 
(1974)  displayed  the  non-dispersive  character 
to  be  expected  of  wave  generation  by  shear. 
The  highly  dispersive  nature  of  the  waves  we 
have  studied  in  this  paper  implies  a  different 
mechanism  of  generation.  In  addition,  Fig.  9 
shows  that  the  shear  that  might  have  existed 
during  the  period  of  the  event  would  lead  to 
waves  propagating  from  the  northeasterly 
direction.  They  were  actually  propagating  from 
the  west  through  southwest  sector  (as  seen  in 
Fig.  6)  with  a  group  velocity  of  about  6  m  s_1 
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Fig.  12.  The  three-layer  model.  Model  no.  1  (dash- 
dot  curve  in  Fig.  8c)  is  a  two-layer  model,  i.e., 
Aff  =  0,  in  which  Nt  =  0.0354,  iv\,  =  0.0111  and 
H  =  200  m.  In  model  no.  2  (dashed  curve  in  Fig.  8c), 
iV1=  0.050,  iV2  =  0.0202,  Na  =  0.0Ul,  H  =  100  m, 
2Aff  =  600  m. 


at  frequencies  corresponding  with  the  maximum 
in  energy  of  the  spectrum  shown  in  Fig.  10. 
If  we  look  100  km  to  the  west  of  Haswell  on 
the  radar  weather  map  shown  in  Fig.  1 1  taken 
at  2135  MST  (2235  MDT)  obtained  by  the 
NWS  using  the  WSR  57  radar  at  Limon,  Colo- 
rado we  find  a  violent  thunderstorm  near 
Pueblo  Colorado  extending  above  39  000  ft 
(11.9  km).  By  2337  MDT  the  tops  exceeded 
41  000  ft  (12.5  km).  It  seems  very  likely  that  the 
waves  discussed  in  this  paper  were  generated 
by  the  storm.  The  precise  mechanism  is  un- 
certain. It  seems  possible  that  the  storm  may 
act  like  a  slow  explosion  in  the  atmosphere 
effectively  generating  the  low  frequency  gravity 
waves  in  our  example.  In  that  case  the  analysis 
of  Ramm  &  Warren  (1963)  of  gravity  wave 
generation  by  an  impulsive  source  may  be 
relevant.  Note  that  Fig.  10  shows  most  of  the 


energy  to  be  centered  at  a  wave  period  of  about 
14  min.  On  the  other  hand  it  is  very  possible 
that  the  cool  gust  front  associated  with  the 
strong  downdraft  of  the  storm  generated  the 
waves  in  the  manner  of  a  traveling  disturbance. 


6.   Conclusion 

We  conclude  that  the  methods  described  in 
this  paper  and  that  of  Gossard  &  Sweezy 
(1974)  provide  a  useful  .technique  for  observing 
the  properties  of  waves  in  the  atmosphere  and 
of  diagnosing  the  probable  mechanism  of  wave 
generation.  The  method  requires  only  single 
station  measurements  of  pressure  and  wind. 
However  comparison  in  Fig.  5  of  the  wind 
spatially  averaged  over  the  laser  triangle  with 
measurements  obtained  with  -a  point  sensor 
emphasizes  the  great  value  of  spatial  filtering 
in  the  extraction  of  large  (or  meso)  scale  fea- 
tures from  the  turbulence  dominated  total 
wind  field  spectrum. 
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AHCriEPCHfl  H  CnEKTPbl  TPABIITA  U,IiOHHbIX  BOJIH,  BEPOHTHO 
TEHEPHPyEMEIX  KOHBEKTMBHbIM  UITOPMOM 


B  juaHHOtt  CTaTbe  mm  onucHBaeM  pe3yjibTaTH 
naSjiioaeHHii  rpaBiiTauiiOHHbix  bojih,  pacnpo- 
CTpaHHiomiixcH  b  Tponocijjepe.  McnoJib3yH  cnen- 
Tpbi  BeTpa  h  flaBJiemiH,  mh  nojiynaeM  CKopocTii 
bojih  h  HanpaBJieHHH  hx  pacnpocTpaHeHiin,  a 
Tanwe  xapaKTepiicTHKH  hx  siicnepcim.  9th 
pe3yjibTaTM  mh  cpaBHHBaeM   c  gaHHMMii  npa- 

MblX     H3MepeHHH     BOJIH,     BbinOJIHeHHHMH     C     IIO- 

Moiubio  CHCTeMbi  npocTpaHCTBeHHO-pa3HeceHHbix 

AaTHHKOB  JiaBJieHHH  H  06pa60TaHHbIMH  C  IIC- 
nOJIb30BaHHeM    T6XHHKH    B3aHMHHX    CneKTpOB    H 

ajiropwTMa,    pa3pa6oTaHHbiMH    oahhm    h3    Hac 


(flHroM).  Corjiacne  Bnojrae  ysoBJieTBopiiTejib- 
Hoe,  hto  yKa3HBaeT  Ha  B03M0>KH0CTb  npocjie- 

JKIIBaHHH     aTMOC(})epHbIX     BOJIH     npaKTHHeCKH     B 

peajibHOM  BpeMeHii  c  ncnojib30BaHHeM  TOJibKo 
y>Ke  ynoTpeOjieeMbix  BbicoKOKaMecTBeHHbix  AaT- 

HHKOB    Ha    CTaHAapTHMX    CTaHHHHX    Ha6jIK)AeHHH 

3a  noro^oii.  Bojihm  b  oniiCHBaeMOM  HaMH  cjiy- 
nae  Shjih  cHJibHo  fliicnepcHbiMH  n  reHepupoBa- 
Jincb,  OHeBiiano,  b  oSjiacTH  cn.nbHOii  rpo3H 
npiiMepHo  b  100  km  k  3anaAy  ot  MecTa  HaSjiio- 
AeHiia. 
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Saturation  of  optica]  scintillation  by  strong  turbulence* 

S.   F.   Clifford,  G    R.   Ochs,  and  R.   S.   Lawrence 
National  Oceanic  and    'ionospheric  Administration,  Environmental  Research  Laboratories.   Boulder.   Colorado  80302 

[Received  30  July  1973) 

The  diffraction  theory  of  optical  scintillations  has  so  far  failed  to  describe  the  propagation  of  light  over 
paths  where  the  integrated  amount  of  refractive-index  turbulence  is  sufficient  to  cause  saturation  of  the 
scintillations.  We  present  a  simple,  physically  based  elaboration  of  the  first-order  perturbation  theory  and 
compare  it  with  observations.  Our  theory  reproduces  in  detail  the  observed  saturation  curve  and  the 
observed  spatial  covariance  o!  the  scintillations.  In  particular,  we  show  why  the  fine-scale  structure  of 
scintillations  persists  deep  into  the  saturation  regime. 

Index  Headings:  Scintillation;  Turbulence;  Atmospheric  optics;  Refractive  index;  Inhomogeneous  media; 
Modulation  transfer. 


The  diffraction  theory  of  optical  scintillations, 
suggested  by  Little1  and  elaborated  by  Tatarskii2"1  and 
Fried.4  has  proven  to  be  remarkably  successful  in 
describing  the  propagation  of  light  through  weak  and 
moderate  turbulence.  However,  it  has  failed  to  describe 
the  saturation  of  scintillations  thai  is  observed  when 
the  integrated  amount  of  turbulence  along  the  path 
becomes  large.  Our  purpose  in  this  paper  is  to  display 
some  additional  observations  of  the  saturation  phe- 
nomenon and  to  present  a  simple,  physically  based, 
elaboration  of  the  Tatarski  theory  that  succeeds 
quantitatively  in  reproducing  the  variance  and  co- 
variance  of  the  observed  scintillations. 

Lawrence  and  Strohbehn-'  have  compared  in  detail, 
with  an  extensive  list  of  references,  the  results  of  the 
theories'1'6-13  and  observations14"  16  available  before  1970. 
A  number  of  attempts  to  generalize  the  Tatarskii 
theory  produced  saturation-like  effects  in  the  log- 
amplitude  variance,  with  occasional  qualitative  resem- 
blance to  the  observations,  but  all  failed  to  predict  in 
correct  detail  such  other  quantities  as  the  distribution 
function  and  the  spatial  covariance  function  of  the 
irradiance  fluctuations. 

More  recently,  Kerr17  has  published  an  extensive 
set  of  observations  of  the  saturation  phenomenon. 
Brown1819  has  calculated  the  differential  equation  for 
the  moments  of  the  wave  field  and,  for  the  case  of 
two-dimensional  geometry,  has  found  numerical  solu- 
tions for  the  variance  and  covariance  of  the  irradiance. 
De  Wolf2"  elaborates  his  original  theory,  one  of  the 
earliest  to  predict  saturation,  and  discusses  the  current 
state  of  the  theory  in  both  the  United  States  and  the 
Soviet  Union.  Young21  has  presented  a  physically  based 
interpretation  of  saturation,  but  his  arguments  lead 
to  a  disappearance  of  the  tine-scale  structure  in  the 
scintillation  pattern,  a  conclusion  contrary  to 
observations. 

The  theory  that  we  present  in  this  paper  was  pro- 
posed by  Ochs  and  Clifford-  and  has  been  dim  lined  by 
Clifford.2'1  The  physical  basis  for  the  theory  shows  wh\ 
the  very  smallest  scales  of  irradiance  fluctuation  persist 
throughout  the  saturation  region.  The  equations  that 


result  can  be  solved  numerically  in  the  realistic,  three- 
dimensional  case  and  so  can  be  compared  in  detail  with 
observations.  We  shall  see  that  the  observed  variance 
and  covariance  are  reproduced  in  detail. 

EXPERIMENTAL  RESULTS 

We  employed  a  continuous- wave  He-Ne  laser  source 
with  a  3-mW  single-mode  output  at  0.6328  pm.  The 
angular  divergence  of  2  mrad  and  the  1-mm  transmitter- 
;ind  receiver  aperture  size  were  chosen  to  approximate 
a  point  source  for  comparison  with  the  spherical -wave 
scintillation  theory.2-4'24  An  earlier  paper1'  describes  the 
characteristics  of  our  optical  path  and  the  parameters 
of  the  receiver.  Supporting  measurements  of  Ct2  were 
made  in  the  usual  manner,25  using  high-speed  platinum 
resistance  thermometers  with  10-cm  vertical  separation. 
Derivation  of  C.v2  from  L'r  then  proceeds  from  the 
refractive-index  formula. 

Figure  1  illustrates  the  behavior  of  the  log-amplitude 
standard  deviation  (square  root  of  the  variance), 
simultaneously  observed  at  50,  310,  500,  and  1000  m, 


Fig.  1.  The  variation  of  the  square  root  of  the  log-amplitude 
variance  at  each  of  four  path  lengths  compared  to  the  refractive- 
index  structure  parameter  C.v  for  a  24-h  period.  All  paths  greater 
than  SO  m  show  evidence  of  saturation. 


148 


47 


February  1974         SATURATION     OF     SCINTILLATION     BY     TURBULENCE 


149 


Fig.  2.  Plots  of  the  observed  log-amplitude  variance  <rx2  and  the 
prediction  o?  from  the  first -order  theory.  These  data  were  taken 
simultaneously  at  50  m  (top  left),  250  m  (center),  500  m  (top 
right),  and  1000  m  (bottom).  The  solid  curve  is  our  theoretical 
prediction  from  Eq.   (13).  The  dashed  line  is  a  plot  of  Eq.   (1). 


for  a  24-h  period.  Also  shown  is  the  behavior  of  a  point 
measurement  of  the  refractive-index  structure  param- 
eter C.v  for  the  same  period.  All  of  the  curves  were 
smoothed  with  a  100-s  time  constant.  The  spherical- 
wave  theory,24  ignoring  the  effects  of  inner  scale,-4 
predicts  a  proportionality  of  the  log-amplitude  variance, 


<tx2,  to  C.v2  and  the  path  length,  /„,  in  the  form 


(1) 


where  /o  is  the  inner  scale  of  turbulence,  k^In'X,  and  X 
is  the  wavelength  of  the  light.  Figure  1  clearly  shows 
that,  on  all  but  the  50-m  path,  the  proportionality 
breaks  down  for  large  values  of  CV2.  From  our  observa- 
tions, Eq.  (1)  is  generally  valid  as  an  asymptote  for 
values  of  ax2  less  than  0.3,  though  the  relation  may 
differ  as  much  as  a  factor  of  2  over  a  period  of  several 
hours  or  more.  Presumably,  different  turbulent  spectra 
and  nonuniform  path  distributions  of  Cn  exist  for 
extended  periods.  When  <jx2  exceeds  0.3  the  saturation 
phenomenon  occurs,  and  further  increases  of  CN2  or  of 
path  length  fail  to  produce  corresponding  increases  of 


ax'-'.  Continued  increases  of  Cjv2  eventually  produce  a 
noticeable  decrease  of  <jx  (supersaturation),  as  is 
shown  for  the  1000-m  path.  An  interesting  consequence 
of  this  effect  is  depicted  in  Fig.  1  at  approximately 
1500  h.  Clouds  passing  overhead  caused  a  precipitous 
decrease  of  C\  and  a  concurrent  reduction  in  scintilla- 
tion strength  at  50,  310,  and  500  m.  Simultaneously, 
the  log-amplitude  variance  at  1000  m  actually  increased, 
a  strong  indication  that  the  scintillations  were  super- 
saturated at  this  distance. 

Figure  2  provides  an  alternative  view  of  similar 
log-amplitude  observations  made  simultaneously  at 
four  path  lengths.  The  log-amplitude  variance  is 
plotted  against  the  theoretical  prediction  of  Eq.  (1), 
this  time  deriving  Cat2  from  temperature  probes  spaced 
3  cm  apart,  vertically.  Once  again,  saturation  appears 
on  all  but  the  shortest  paths.  Equation  (1),  which 
produces  the  dashed  line  in  Fig.  2,  fits  the  data  quite 
satisfactorily  until  the  predicted  variance  exceeds  0.3. 

The  log-amplitude  variance  is  a  useful  but  rather 
limited  description  "of  atmospheric  optical-propagation 
characteristics.  To  learn  about  the  spatial  structure  of 
scintillations,  we  measured  the  spatial  covariance  func- 
tion of  the  log  amplitude.  This  information  is  critical 
in  the  design  of  optical  systems  because  it  related 
directly  to  the  ability  of  successively  larger  apertures 
to  average  out  undesirable  irradiance  fluctuations.  We 
employed  two  photomultiplier  tubes  with  1-mm 
apertures,  the  spacing  of  which  was  varied  continuously 
in  a  periodic  manner.  Figure  3  shows  a  sample  of  such 
covariance  measurements  for  a  1-km  path  during 
times  of  weak  (bottom)  and  strong  (top)  turbulence. 
The  ordinate  is  the  normalized  covariance  function 


Cx(q)=- 


1 
IT 


<//X(r+p,/)X(r,/)/ffx2, 


(2) 


Fig.  3.  Examples  of  direct  recordings  of  covariance  function 
Cx(j>„)  and  spacing  in  Fresnel  zones  \/(\L)  taken  on  the  1000-m 
path. 


averaged  over  an  interval  2T=  1  s.  The  abscissa  is  the 
detector  separation  p  measured  in  units  of  a  Fresnel 
zone.  Each  sweep  was  made  during  an  interval  of 
approximately  10  min.  Sweeps  were  selected  for  further 
analysis  on  the  basis  of  symmetry;  the  symmetry 
indicates  the  degree  of  statistical  stationarity  that 
prevailed  during  the  measurement. 

Figures  4  and  5  summarize  such  covariance  measure- 
ments made  over  500-m  and  1000-m  propagation  paths, 
respectively.  The  symbols  a  through  d  indicate  progres- 
sively stronger  levels  of  turbulence  as  measured  by 
higher  values  of  CN2.  In  weak  turbulence  (curve  a), 
the  first-order  spherical-wave  theory  of  Fried4  shows 
excellent  agreement  with  the  data.  As  the  strength  of  the 
turbulence  increases,  the  covariance  curves  progres- 
sively fall  off  faster  at  spacings  less  than  y/(\L)/2  and 
have  progressively  higher  tails  than  in  the  weak 
turbulence  case.  The  higher  tails  agree  with  the  obser- 
vations of  Kerr,17  as  he  found  his  correlation  length 
increased  noticeably  with  Cat2.  The  general  shapes  also 
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compare  quite  well  with  the  predictions  of  Brown  in  the 
two-dimensional,  plane-wave  case.  Kerr  found  further 
evidence  of  this  result  in  his  observation  that  aperture 
averaging  was  less  effective  than  predicted  and  that 
the  discrepancy  increased  as  the  strength  of  turbulence 
increased.  The  curves  in  Figs.  4  and  5  indicate  that, 
in  strong  turbulence,  there  are  relatively  more  of  both 
large-  and  small-scale  structures  in  the  scintillation 
pattern  than  there  are  in  weak  turbulence.  This  result 
occurs  because  eddies  the  size  of  a  Fresnel  zone  are 
made  less  effective  as  producers  of  scintillations  by  the 
decrease  of  phase  coherence  induced  by  high  levels 
of  C.v2. 


THEORY 


Fig.  5.  Four  covanance  functions  taken  at  1000  m  under 
progressively  stronger  (a-d)  turbulent  conditions.  These  smoothed 
curves  represent  averages  of  the  raw  data. 


The  theoretical  framework  by  which  we  propose  to 
explain  the  important  features  of  the  saturation  effect 
is  a  direct  extension  of  the  hrst-order  theory  of 
Tatarskii.2'3  The  simple  physical  model  shown  in  Fig.  6 
helps  us  to  visualize  the  salient  points  of  that  theory. 

The  source  5  emits  a  spherical  wave  of  wavelength  \ 
that  encounters  a  turbulent  eddy  of  diameter  2/  at 
path  position  s.  The  illuminated  eddy  produces  a 
diffraction  pattern,  observed  at  L,  whose  size  and 
contrast  are  determined  by  s,  /,  and  A  and  by  the 
refractive-index  fluctuation  A»  of  the  eddy.  (This 
qualitative  explanation  has  been  over-simplified  by  use 
>  i  an  eddy  model.  It  would  be  more  rigorous,  though 
less  easily  visualized,  to  use  a  set  of  orthonormal  func- 
tions to  describe  the  turbulent  medium.  This  is  custom- 
rily  done  by  expanding  the  refractive-index  field  in 
terms  of  Fourier  components;  the  analytical  results 
that  follow  these  introductory  remarks  make  such  an 
(  >:pansion.) 


Cx(/>) 


p/ 


i/xT 


Fig.  4.  Covariance  functions  taken  at  500  m  under  progressively 
"oncer    (a-c)    turbulent    conditions.    These    smoothed    curves 
represent  averages  of  the  raw  data. 


At  path  position  z,  the  eddy  that  is  most  effective 
in  producing  scintillations  at  L  is  the  one  that  satisfies 
the  condition  SAL~-SL  =  \/2,  so  that  the  two  rays 
interfere  destructively.  Working  out  the  geometry,  we 
see  that  this  Fresnel-zone-size  eddv  has  a  radius 


/»(*/X)*[1-(*/Z)]»-(XjL)1 


(3) 


Smaller  eddies  at  z  produce  scintillations  at  path 
positions  z<L.  Although  these  scintillations  will 
persist  in  modified  form  at  /,,  they  contribute  less  than 
the  others  to  the  variance  of  irradiance  because  of  the 
weaker  refractivity  fluctuation  associated  in  the 
Kolmogorov  spectrum  with  the  smaller  eddies.  Eddies 
larger  than  a  Fresnel  zone  will  not  produce  strong 
scintillations  at  L  because  of  their  long  focal  lengths. 

So  far,  we  have  considered  the  eddies  at  path  position 
z  to  be  acting  independently  of  eddies  at  other  locations 
along  the  path.  Simple  superposition  of  the  effects 
of  such  independent  portions  of  the  path  is,  in  fact,  the 
basis  of  the  Tatarskii  first-order  theory  of  scintillation. 
For  sufficiently  strong  turbulence  and  long  paths,  the 
assumption  of  independence  is  no  longer  useful,  as  is 
shown  by  the  failure  of  the  first-order  theory  to  predict 
saturation.  To  progress  further,  we  must  realize  that 
the  eddy  at  z  is  illuminated  by  a  wavefront  that  is  no 
longer  spherical  but  has  already  been  distorted  by 
preceding  eddies.  In  addition,  we  must  realize  that 
succeeding  eddies  lying  between  z  and  L  will  affect 
the  wave  and  will  modify  the  scintillations  that  might 
otherwise  have  been  produced  as  a  result  of  the  eddy 
at  3. 


Fig.  6.  The  geometry  of  the  simple  eddy  model  used  to  explain 
the  salient  points  of  the  analysis.  The  source  at  5  illuminates  the 
eddy  of  diameter  2/  at  z  and  produces  scintillations  that  are 
observed  at  position  L. 
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Fig.  7.  The  propagation  geometry  showing  the  incident  per- 
turbed field  u(r'),  the  scattering  at  z  and  the  ultimate  field 
variables  at  z  —  L. 


Let  us  first  consider  how  the  diffraction  pattern  of 
the  eddy  at  z  is  affected  by  additional  turbulence 
between  the  light  source  and  the  eddy.  To  do  this  it  is 
convenient  to  imagine,  for  the  moment,  thai  the  eddv  is 
a  lens  focusing  the  light  on  a  screen  at  location  L.  As 
the  wave  passes  through  the  turbulence  before  reaching 
the  lens,  its  wavefront  is  distorted  in  a  random  manner. 
Those  distortions  having  a  scale  smaller  than  the  lens 
will  cause  the  resolving  power  of  the  lens  to  diminish 
and  will  thus  increase  the  size  of  the  spot  observed  at  L. 
On  the  other  hand,  those  distortions  larger  than  the 
size  of  the  lens  will,  in  effect,  be  wave  tilts  and  will 
move  the  spot  on  the  screen  without  changing  its  size. 
Though  it  may  not  be  so  readily  apparent,  exactly  the 
same  effects  will  be  caused  by  turbulence  lying  between 
the  lens  and  the  screen.  Thus,  it  is  not  important  to 
distinguish  between  the  turbulence  on  the  two  sides 
of  the  lens,  but  it  is,  as  we  shall  see,  vitally  important 
to  consider  separately  the  effects  of  the  large-scale 
distortions  of  the  wavefront  from  the  effects  of  the 
small-scale  distortions. 

Returning  to  the  case  of  the  eddv  .  and  concentrating 
particularly  upon  the  Fresne! -zone-size  eddies  that  are 
the  most  effective  of  a!;  th(  eddies  at  location  z.  we 
must  consider  the  relative  lifetimes  of  th<  eddies  of 
various  sizes.  Large  eddies  persist  ionger  titan  small 
eddies,  both  becavtst  of  ther  intrii  sic  lifetime:--  and 
because,  for  a  given  ;rosswind  velocity,  the  lake 
longer  to  pass  through  the  line  of  vight.  The  small-scale 
fluctuations  in  the  wavefront,  the  ones  that  caused 
smearing  of  the  focal  soo'  or  .  ur  lens,  (.nange  in  deiail 
many  times  during  the  lifetime  of  our  eddv,  so  thev 
smear  the  diffraction  pattern  of  our  Fresnel-zone-size 
eddy.On  the  other  hand,  the  large-scale  distortions  do 
not  change  appreciab'v  during  the  lifetime  of  our  eddy. 
Thus,  although  they  may  have  displaced  the  diffraction 
pattern,  they  can  have  no  effect  on  the  statistics  of  the 
scintillations  produced  by  our  eddv.  Even  The  smallest 
details  in  the  scintillation  pattern  arrive  at  L  unaffected, 
that  is,  unsmeared  bv  the  large-scale  distortions, 


To  calculate  the  smearing  of  the  details  in  the 
scintillation  pattern  and  the  concomitant  reduction  of 
log-amplitude  variance,  we  use  the  expression  developed 
by  Lutomirski  and  Yura26  for  the  irradiance  profile 
of  an  optical  beam  propagating  through  turbulence : 


/(p)  = 


1+cosXq" 

-       2\Sn      - 


exp[;'£(5,—  si)+\p(si)+\p*(s2) 


+.A(r1')+^*(r2')>o(ri')Mu*(r2'y2riV2lV.     (4) 


Figure  7  shows  the  definition  of  each  of  the  geometric 
quantities.  Equation  (4)  is  the  random  irradiance 
profile  /  that  would  be  observed  at  location  p=(p,s) 
from  an  aperture  .4  illuminated  by  a  random  optical 
field  u.  The  quantity  e.xp(^)  is  the  perturbation  of  the 
wave  field,  that  is,  u  =  un  exp(^),  and  k  =  2r'X  is  the 
wave  number  of  the  radiation. 

From  the  model  above,  we  consider  each  Fourier 
component  of  the  turbulent  temperature  field  at  z  as  a 
physical  aperture  that  transmits  a  turbulence-distorted 
wave  field  through  the  remaining  turbulent  medium  to 
a  receiving  plane  a  distance  (L  —  z)  away.  A  critical 
assumption,  following  Young,21  is  that  the  effects  of 
large  integrated  turbulence  on  the  statistics  of  the 
amplitude  fluctuations  are  adequately  taken  into 
account  by  a  convolution  of  the  first-order  covariance 
function  with  the  factor  (Iig,L))T  or,  equivalently,  the 
two-dimensional  spectrum  of  the  field  parameters 
should  be  multiplied  by  the  two-dimensional  transform 
of  (I(q,L))t.  Unlike  Young,  we  believe  that  the 
averaging  process,  described  by  (  )T,  should  proceed 
only  over  the  time  and  spatial  scales  relevant  'o  those 
of  the  log  amplitude  itself.  (The  superscript  T  here 
implies  a  short-term  average.)  As  discussed  above, 
larger-scale  features  produce  only  motion  of  the  fine 
details  of  the  scintillation  pattern  and  not  true  smearing 
effects.  A  further  critical  assumption  is  that  the  modifi- 
cation of  tiie  first-order  log-amplitude  covariance  is 
described  in  the  same  way.  that  is.  as  a  convolution  with 
(1(q,L'))7\  Tin  validity  of  these  assumptions  is  borne 
out  by  the  experimental  results. 

Equation  4>  describe^  the  spread  of  the  focal  spot 
.i'  the  receiver  due  to  refractive  turbulence  along  the 
path.  The  uirbulence  smear-  out  the  spatial  frequencies 
in  the  received  scintillation  paiiern  by  a  convolution 
process,  in  The  spatiai -frequency  domain,  this  results 
in  a  modification  of  the  tirst -order  log-amplitude 
spectrum  by  a  spectra!  filter  function  H{K,,),  that  is, 
the  two-dimensional  transform  of  Eq.  (4), 

1 
ff(KJ=  /  fpQe-*»-9(Ib))T.  (5; 

(2t)2.' 

In  Eq.  (5;,  A'„  is  the  spatial  frequency  observed  in  the 
receiving  plane  and  o  are  the  coordinates  of  the  obser- 
vation point  in  the  plane  z  —  L.  Before  performing  the 
operation,  we  note  from  Fig.  7  the  relations  S)=p  —  n', 
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s2  =  p-r2',  i-,2=  (L-2)2+(p-pi')2,  and  s2i=(L-z)'2 
-H'p— P2')2,  and  in  Eq.  (4)  make  the  change  of  variables 
l;  =  p2  —  pi',  2*j  =  p/+pi'.  (These  and  the  following 
steps  are  outlined  in  greater  detail  by  Lutomirski  and 
Yura.26)  The  result  of  this  substitution,  the  use  of  the  ap- 
proximation si— i?~p-  (p2'  —  qi)/(L  —  z)  +  (p2'2— pi  )/ 
[2(L  — ")],  and  the  assumption  of  homogeneous 
turbulence  reduce  Eq.  (4)  to  the  form 


</(e))r= 


— T 


L2rr(L-z) 


X  /  rf^expj }JfgT(t*WBT(5,  i-z) 


wo*(*j-t'2)wo(»i+^/2).     (6) 


X  /  d2n  exp 


a -2) 


The  quantity  MSt  is  the  appropriate  short-term 
modulation  transfer  function  (MTF).27  This  function  is 
defined  by28  Mstrijiji)  =  (exp(^(ri)+^*(r>))) ;  for  ho- 
mogeneous turbulence,  it  depends  only  on  ft— ri.  We 
consider  this  function  in  more  detail  later.  At  this  point, 
its  only  important  property  is  that  the  function  depends 
on  J;  alone.  The  existence  of  the  product  Mst((,zWst 
X(£,  L  —  z)  in  Eq.  (6)  is  a  consequence  of  the  assump- 
tion that  the  integrated  effects  of  turbulence  from  2  =  0 
to  z  are  independent  of  those  from  z  to  L,  certainly  a 
valid  assumption  for  reasonable  refractive-index  corre- 
lation lengths.  This  assumption  replaces  (exp[^(s,) 
^*(s2)4-^(ri')+^*(r2')]>7  b\  <exp[>(i,)+tf*(8,)3>T 
<e.\p[*(r1')+iHr2')]>r=M8T($,s)Af8T(*(  L  -z).  The  ap- 
propriate next  step  is  to  make  (/(p))7'  a  true  weighting 
function  by  dividing  by  the  average  power  X<Pq(I(q))t. 
This  normalizes  the  spectral-niter  function  to  unit 
maximum  amplitude.  Substituting  the  normalized 
version  of  Eq.  (6)  into  Eq.  (5)  and  integrating  gives 

I!x(Kp)  =  MMKPiI--z)/k,z)Mfil 

X(K„(L-z)/k.  L—z).     .7) 

\:   we  assume  isotropy  as  well  as  homogeneity  of  the 
irbulence,  then  H \  depends  only  on  the  magnitude  of 
K„,  that  is,  Hn(Kp)=H.v(Kp). 

Fried27  calculated  short-term  MT1'  [>■  removing 
iiie  effects  of  beam  tilt.  Till  can  be  deimed  only  ir; 
verms  of  the  scale  size  of  the  aperture  upon  which  the 
beam  impinges.  The  plane  that  best  fits  the  two- 
dimensional  phase-rluctuation  surface  over  that  aper- 
ture then  serves  as  an  estimate  of  tilt  and  is  conse- 
quently removed.  As  discussed  previously,  this  same 
process  can  be  approximated  by  high-pass  filtering  of 
the  spatial -frequency  spectrum  used  to  determine  MTF, 
so  that  only  scales  smaller  than  the  aperture  will 
contribute  to  the  smearing  effects  described  by  the 
snort -term  MTF.  When  the  aperture  is  a  two-dimen- 
sional  spatial   frequency    (phase  screen;   and   the  size 


of  effective  aperture  is  determined  by  the  coherence 
properties  of  the  incident  wave,  the  separation  between 
large-scale  (tilting)  and  small-scale  (smearing)  com- 
ponents of  the  MTF  is  more  difficult  to  define.  During 
our  calculations  of  the  MTF  of  the  wave  incident 
upon  the  phase-retarding  screen,  we  found  that  trun- 
cating the  incident  wave's  coherence  spectrum  at  a 
spatial  frequency  proportional  to  that  of  the  phase 
screen  accomplishes  the  desired  result. 

The  long-term  MTF  of  a  spherical  wave  propagating 
through  a  distance  2  of  homogeneous  and  isotropic 
refractive  turbulence  is  given29  by 


M(p,z)  =  exp    -4tt2£2  I 


dz' 


xf    rf«V*„(«')[l-//— jjj,     (8) 

where  4>n  is  the  refractive-index  spectrum  and  Jo  is  the 
zero-order  Bessel  function  of  the  first  kind.  To  proceed 
according  to  the  foregoing  argument,  we  convert  the 
integral  from  one  over  the  variable  K',  the  spatial 
frequencies  of  the  refractive-index  spectrum,  to  one 
over  K.p'  —  K'z'/z,  that  is,  an  integral  over  the  spatial 
frequencies  in  the  field  of  the  wavefront  variations  at  a 
position  z  produced  by  eddies  at  position  z'.  The 
variable  Kp'  represents  the  spatial  wave  numbers  in 
the  wavefront  distortion  that  are  decreased  from  those 
of  the  refractive-turbulence  spectrum  by  the  spherical 
divergence  of  the  incident  wave.  Changing  variables, 
we  obtain 

M{p,z)  =  exp    -4tt2/v'2  /    dz'(z/z')2 


X  /     dKp'Kp'tt>n{Kp'z/z')[\-Jo(.Kp'p)~\\.     (9) 

Jo  ) 

To  modify  Eq.  (9)  to  obtain  short-term  MTF  in  line 
with  the  foregoing  arguments,  we  truncate  the  integral 
over  wave  number  of  the  wavefront  perturbation  below 
the  wave  number  of  the  refractive-index  turbulence  A" 
and  obtain 

MST(p,z)  =  exp    — 47r2/v'"  /    dz\z/z')2 


X  /     dKp'Kp'tt>n{Kp'z.'z')i\-Ja{Kp'p)~]\. 

JyK  I 


(10) 


The  coefficient  in  the  lower  limit  is  7  =  0.35.  This  arises 
because  the  tilling  effects  of  the  irregularities  in  the 
incident  phase  front  occur  at  a  spatial  frequency  some- 
what lower  than  that  of  the  illuminated  phase  screen. 
Numerical  simulation  of  a  random  Kolmogorov  phase 
front  impinging  on  a  screen  of  wave  number  K  has 
indicated  that  0.35A'  is  a  reasonable  truncation  point. 


51 


Februarv  1974 


SATURATION"     OF     SCINTILLATION     BY     TURBULENCE 


153 


Returning  to  Eq.  (7)  and  noting  the  particular  form  of 
the  z  dependence  in  Eq.  (11),  we  see  that  A/st(p,z)Mst 
X(p,L-z)=MSt(p,L). 

We  must  now  write  the  first-order  theory  for  the 
log-amplitude  covariance  function  and  insert  the  spec- 
trum modification  M St(K p(L  —  z) / k ,L).  From  Lawrence 
and  Strohbehn,5  the  log-amplitude  covariance  for  a 
spherical  wave  propagating  over  a  path  L  through  a 
medium  filled  with  Kolmogorov  turbulence  is  deter- 
mined by 

C>)  =  0.1327r2£2Z,CV  /    duj     dK 


Fig.  8.  Theoretical  covariance  curves  determined  from  Eq.  (13). 
Each  curve  results  from  a  different  amount  of  integrated  turbu- 
lence a?. 

A  complete  and  correct  calculation  would,  of  course, 
produce  a  smooth  high-pass  filter  in  Eq.  (10). 

To  complete  the  analysis,  we  assume  the  conventional 
spectrum  for  the  refractivity  fluctuation  resulting  from 
Kolmogorov  turbu!<  :ice,  that  is, 


<$>r\K)----\V 


Lei  '«A.'«/0 


and  note  that  we  may  extend  the  region  of  integration 
in  Eq.  (10)  to  inhnuv  and  allow  A."  to  vary  from  zero 
in  the  lower  limit,  with  negligible  error.  [The  outer 
scaie  /  c.  ffi.iy  psa>  a  significant  role  here  if  it  is  un- 
usually small,  i.e..  on  the  order  of  a  few  Fresnel  zones. 
Its  inclusion  ,n  the  integral  in  Eq.  (10)  would  result 
in  higher  log-amplitude  variances  as  the  amount  of 
integrated  turbulence  increases.";  Further,  substitution 
of  variables  u=z  L  and  £--A*pp,  and  the  performance 
of  the  u  integration  reduces  Eq,  [10)  to 


Mst(p,z)  =  exp  \  -0.057r;:A'-C'\-;p5 


X 


1/>st-S;:ll-/oU£)]     •        (ID 


0.35Kp 


Table  I.  A  comparison  of  Lntegrated-path  refractive  turbulence 
a?  as  determined  from  temperature  measurements  and  from 
fitting  Eq.  (13)  of  our  present  theory  to  the  observations  of  Figs. 
4  and  5.  Here  a  is  the  rms  discrepant}'  in  Cx  between  the  observa- 
tions and  the  present  theory. 


500-m  Path 

Curve 

<r,2(temp)              ^(theory) 

a 

a 

0 

0.026 

b 

0.20                        0.29 

0.013 

c 

2.48                         2.46 
1000-m  Path 

0.015 

Curve 

url.templ              .Tritheory) 

a 

a 

0.03                       0.02 

0.02 

b 

0.62                       0.58 

0.015 

c 

3.89                       4.64 

0.015 

d 

8.68                       5.83 

0.038 

XK-si3J0(KPu)Msr(KLu(l  -u)/k,L) 

~K2u{\—u)L' 

Xsin2 

L         Ik 


(12) 


[n  Eq.  (12),  we  have  inserted  the  M$t  function  and 
noted  that  Kp  =  Ku.  A  change  of  variables  from  A"  to 
y=  K-u(l  —  u)L/ (2k)  puts  this  equation  in  a  more 
suggestive  form  in  terms  of  the  first -order  log-amplitude 
variance,  that  is  ff,-=0.12-U'7;e/.u'fitV.  With  this  done, 
Eq.  (12)  takes  the  form 

sin2_v 
</v 


(\(p„,ff,"-)  =  2.95<T,2  I     rftt[«(l-«)] 


Xesp{-tr,i[uO.-u)']iitf(y))Ji 


where  pn—P/\  (X/-)  and/(v)  is  given  by 


Pn 


(13) 


/(y)=7.02y5 


f/er^ci-Afs)]. 


14) 


-  v-Ty 


Equation  (13)  is  the  equation  for  the  log-amplitude 
variance  and  covariance  function  in  the  case  of  strong 
integrated  turbulence  or>0.30.  As\  mptoticallv.  it 
reduces  to  the  first-order  result  for  <rr<0.30. 

COMPARISON  WITH  OBSERVATIONS 

The  results  of  our  theory,  Eq.  (13),  produced  the 
saturation  curve  that  is  superimposed  upon  the  ob- 
served points  in  Fig.  2.  'The  relatively  low  values 
compared  with  the  experimental  points  in  the  linear 
(unsaturated)  region  and  in  the  region  of  high  a,- 
result  from  the  manner  in  which  we  chose  to  truncate 
the  integral  in  Eq.  (10).  The  scintillation-reducing 
effects  do  not  occur  abruptly,  as  indicated  by  the  form 
of  Eq.  (10),  but  more  smoothly,  so  that,  for  example, 
Fresnel-zone-size  eddies  retain  some  scintillation- 
producing  effect  even  in  strong  turbulence.  Thus,  our 
abrupt    truncation    of    the    integration    overstates    the 
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the    log-amplitude 


effects    of    strong    turbulence 
variance. 

A  more-stringent  test  of  the  saturation  theory 
concerns  the  structure  of  the  scintillation  pattern. 
figures  3  5  show  the  observed  covariance  of  scintil- 
lations; whereas  in  Fig.  8,  we  see  a  set  of  theoretical 
.  urves  that  depend  on  normalized  spacingpn=p,  \/(XL) 
and  the  first-order  log-amplitude  variance  ar.  Table  1 
compares  the  or  required  for  our  theory  to  lit  best 
i  ach  of  the  covariance  .urves  of  Figs.  4  and  5  with  the 
<t  :'  derived  from  point  temperature  measurements.  The 
small  n,is  discrepancies  a  indicate  that  observations 
mid  theory  agree  within  the  uncertainty  of  the  measure- 
ments. Differences  between  ov'(temp)  and  a (2 (theory) 
arise  mostly  from  the  failure  of  a  single-temperature 
sensor  to  represent  accurate!)'  the  path-averaged 
temperature  statistics. 

Finally,  our  model  agrees  with  the  observation1,  that 
the  probability  distribution  function  of  irradiance  (or 
amplitudei  is  log  normal  in  the  saturation  region.  This 
statement  follows  directly  from  the  central-limit 
theorem,  because  our  model  of  the  saturation  phe- 
nomenon involves  onh  linear  filtering  (smoothing!  oi 
the  log  amplitude. 

In  summary,  we  have  proposed  a  physically  based 
elaboration  of  the  Tatarskii  theory  of  propagation 
through  turbulence;  numerical  results  from  this  model 
agree  with  all  observed  features  of  the  saturation 
phenomenon. 
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We  demonstrate  that  the  theories  of  strong  irradiance  fluctuations  of  Yura  and  Clifford  et  al .,  although 
they  start  from  slightly  different  physical  models,  produce  the  same  predictions  for  the  behavior  of  an 
optical  wave  propagating  through  strong  turbulence.  Both  theories  predict  a  saturation  of  the  irradiance 
variance  and  that  in  the  saturation  regime  the  amplitude  correlation  length  is  equal  to  the  lateral  coherence 
length  of  the  optical  wave.  The  detailed  structure  of  the  amplitude  correlation  functions  is  also  similar, 
showing  a  more-rapid  decay  at  the  origin  and  an  enhanced  tail  at  large  separations  in  comparison  to  the 
results  of  the  weak  scattering  theory. 

Index  Headings:  Inhomogeneous  media;  Turbulence;  Scintillation;  Atmospheric  optics;  Coherence; 
Fluctuations  of  light. 


The  purpose  of  this  paper  is  to  demonstrate  the  physical 
equivalence  of  two  theories  of  strong  optical  scintilla- 
tion.1'2 Physical  equivalence  of  the  two  theories  of 
strong  scintillation  is  used  in  this  paper  to  signify  that 
both  theories  predict  the  same  physical  results  in  the 
case  of  strong  irradiance  fluctuations,  and  that  both 
theories  show  that  the  turbulent  eddies  that  are  most 
effective  in  producing  strong  irradiance  fluctuations  are 
those  that  have  characteristic  scale  sizes  of  the  order 
of  the  lateral  coherence  length  of  the  optical  wave. 

Recently,  Yura1  has  generalized  Tatarskii's3  physical 
model  for  irradiance  fluctuations  to  include  both  dif- 
fraction and  the  loss  of  lateral  spatial  coherence  of  the 
wave  as  it  penetrates  further  into  the  medium.  Yura's 
results  agree  with  perturbation  theory  for  <rr2«l  (or2 
is  the  amplitude  variance  calculated  on  the  basis  of 
perturbation  theory).  For  ar2^  1,  that  is,  in  the  satura- 
tion regime,  he  obtains  a  saturation  of  the  irradiance 
variance,  a  decrease  in  the  amplitude-correlation  length 
for  increasing  ar,  and  a  residual  positive  correlation  tail. 
In  particular,  Yura  shows  that  in  the  saturation  region 
the  amplitude  correlation  length  is  equal  to  the  lateral 
coherence  length  of  the  wave  po{L),  which  is  a  decreasing 
function  of  propagation  distance.  That  is,  in  the  satura- 
tion regime,  the  amplitude  and  phase  correlation  lengths 
are  equal.  Additionally,  he  demonstrates  that  in  the 
saturation  regime  turbulent  eddies  having  scale  sizes 
of  the  order  po(.L)  are  the  most  effective  in  producing 
irradiance  fluctuations  (in  contrast  to  the  case  or2<  1, 
in  which  eddies  having  scale  sizes  of  the  order  of  the 
Fresnel  length  are  most  effective  in  producing  the  ir- 
radiance fluctuations). 

On  the  other  hand,  Clifford  et  al.2  present  a  simple, 
physically  based,  phenomenological  elaboration  of 
Tatarskii's  perturbation  results  that  succeeds  quantita- 
tively in  reproducing  the  variance  and  covariance  of 
their  observed  scintillations.  At  first  glance,  the  methods 
and  results  of  Refs.  1  and  2  seem  different ;  however, 


we  show  in  this  paper  that  these  two  approaches  to  the 
strong-scintillation  problem  lead  to  identical  physical 
results.  In  particular,  we  demonstrate  that  the  log- 
amplitude  variance  derived  in  Ref.  2  saturates  asymp- 
totically to  a  constant  value,  independent  of  wave- 
length, path  length,  and  parameters  that  describe  the 
turbulent  medium.  Additionally,  we  will  demonstrate 
that  in  the  saturation  regime  the  log-amplitude  covari- 
ance function  of  Ref.  2  has  a  correlation  length  equal  to 
Po(L)  and  that  the  eddy  sizes  most  effective  in  producing 
the  irradiance  fluctuation  are  of  the  order  po(L),  in 
agreement  with  the  general  results  of  Ref.  1. 

I.  VARIANCE 

The  results  of  Clifford  el  al.2  for  spherical  waves  and 
the  Kolmogorov  spectrum  are  given  by 

r l  t"°      sin2y 

Cx(pn,(xT2)  =  2.95a T2  I    du  [«(1  -  w)]6/6  /     dy 

Jo  Jo        >11/6 


K£M 


Xexp{-aT2[u(l-u)y«f(y)}Jo\ 
where 

<xr2  =  0.124£7/6Z1I/6Cre2, 
Pn  =  p/{\L)\ 

/(y)  =  7.02y5'6/     d$r8'»[l-/o({)l 


5/6   / 
J  ay 


(1) 

(2) 
(3) 

(4) 


where  k  is  the  optical  wave  number  (=2ir/X,  where  A 
is  the  optical  wavelength),  C„  is  the  index  structure 
constant,  and  Jo  is  the  Bessel  function  of  the  first  kind 
of  order  zero.  The  numerical  coefficient  a  that  appears 
in  the  lower  limit  of  the  integral  in  Eq.  (4)  could  not  be 
obtained  a  priori  by  Clifford  et  al.  On  physical  grounds, 
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it  can  be  shown  that  a  is  nonzero  and  most  likely  is  a 
number  of  the  order  unity.  The  best  fit  to  the  strong- 
scintillation  data  of  Ref.  2  was  obtained  for  a  =  0.7. 

The  log-amplitude  variance  data  of  Ref.  2  extend  out 
to  <T7-2~13  and  is  shown  in  Fig.  2  of  Ref.  2.  For  this  range 
of  <jt2  values,  the  variance,  as  calculated  from  Eq.  (1), 
appears  (see  Fig.  2  of  Ref.  2)  to  decrease  asymptotically 
to  zero  with  increasing  aT2\  however,  this  is  not  the  case 
when  or2—*00-  We  now  show  that  <rx2  asymptotically 
approaches  a  constant  for  or2— >»  . 

From  Eq.  (1),  we  have 


thus  from  Eqs.  (9)  and  (14)  we  obtain 


ax2=  Cx(0,(Xt2)  =  2.95  /    aT2{u)  du  /     dy 


sin2y 


,11/6 


o      r 

Xexp{-aT2(u)f(y)),     (5) 


where 


<TT2(u)=aT2tu(l-u)y16. 
Consider  the  integral  over  y  in  Eq.  (5).  We  have 


=  2.95  |     dH<7T2{u)ih+h~], 
o 


where 


and 


h= 


dy 


sin-v 


txp{~aT2(u)f(y)} 


sin_v 
dy '-  exp{  -<7T2(tt)/(y)}. 

yll/6 


(6) 


(7) 


(8) 


(9) 


First,  consider  I\,  Because  y<\,  we  have/(y)  ~  7.9y5/6 
and  sin2y~y2.  It  then  follows  that 


h 


■■  /    dyy1'6 
Jo 


exp[-7.9(rj-2(W)y5'6]. 


Change  variables  to 

x=7.9aT2(u)y>1*; 
thus  from  Eqs.  (10)  and  (11), 

/•7.9trr2(u) 
/i«  [7.9ar2(«)]-7/5  /  *-*/««-*  dx. 

J  o 


:io) 


(id 


(12) 


From  Eq.  (1)  it  can  be  seen  that  the  main  contributions 
to  the  u  integral  occurs  for  u~% ;  therefore,  for  or2»l, 
the  upper  limit  on  the  integral  in  Eq.  (12)  can  be 
extended  to  infinity.  It  then  follows  that 

/i«0.06[crr2(«)]_7/5-  (13) 

Next,  consider  I2.  Because  y>  1,  we  have  sin2v~^  and4 

di        4.2 


h~h\     dyy-uisexpi-li/y'16),  (15) 


where 


4.2a  T2{u) 
/3= 


„5/3 


(16) 


Changing  variables  to  q=8y  6/6,  we  obtain  (note:  8^i>l) 


3    r00 
/2«—  /     e-«dq -0.6(3-* . 
5(3J0 


(17) 


/(y)-7.02y5 


tS/3       a5/3y5/6 


(14) 


After  the  definition  of  8  from  Eq.  (16)  is  inserted, 
Eq.  (17)  is  reduced  to 

a5/3 

72~ .  (18) 

7.0aT2(u) 

From  Eqs.  (6),  (7),  •  (13),  and  (18),  we  can  construct 
the  asymptotic  form  of  the  log-amplitude  variance 

(7^  =  2.95  /    du 

X{0.06((jr2)-2/5[M(l-M)]-1/34-0.14a5/3}     (19) 

and,  the  u  integration  is  performed,  ax2  becomes 

<Tx2  =  0.36(<rr2)-2/5+0'.42a;>/3.  (20) 

Therefore,  according  to  the  theory  of  Clifford  et  al.2 
as  or2  increases  beyond  unity,  <rx  initially  decreases  as 
0.36(ot2)~2/s  and  ultimately  saturates  at  a  value  of 
crx2  =  0.23  for  a  =  0.7.5  To  compare  this  result  with  the 
theory  of  Yura,1  we  calculate  the  normalized  variance 
of  the  irradiance  tri2/(/02)-  For  log-normally  distributed 
irradiance  fluctuations,  ar/Io2  is  related  to  ax2  by  the 
expression 

a1 

— =exp(4<Tx2)-l.  (21) 

/o 

With  ctx2  =  0.23,  we  obtain  cr/2/(/o2)  =  1.51,  a  number  of 
order  unity,  in  agreement  with  the  results  of  Ref.  1. 

This  result  is  also  confirmed  by  recent  experimental 
work  in  the  Soviet  Union.6  Because  of  their  extremely 
long  path  of  8.5  km,  Gracheva  et  al.6  were  able  to  exceed 
or2  =  400  in  their  experiments.  Initially,  the  data  of 
Gracheva  et  al.  decayed  slightly  for  <rT2>  1  and  then 
appeared  to  saturate  at  a  value  (a///o)2^^1.5,  in  agree- 
ment with  Clifford  et  al.2 

In  deriving  the  asymptotic  behavior  of  the  log- 
amplitude  variance,  we  have  shown  that  for  or2»l, 
the  main  contribution  to  the  y  integral  in  Eq.  (1)  comes 
from  Ii  around  the  point 

y-/3c/''-«(l-«)(<7T2)6'6.  (22) 

Now,  the  dimensionless  integration  variable  y  is  related 
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to  spatial  frequency  A'  by  the  relation2 


y=—u(l-u)K2; 

k 


length  po  from  Eq.  (24),  Eq.  (26)  takes  the  form 


(23) 


hence,  from  Eqs.  (22)  and  (23),  we  see  that  the  main 
contribution  to  the  strong  irradiance  fluctuations  is 
obtained  from  spatial  frequencies  K0  of  the  order 


/  k  \i  1 

A'o~     -        (<7r2)s~ • 

\lJ  P0(L) 


(24) 


The  most-important  turbulent  eddies  along  the  path 
are  those  having  scale  sizes  of  the  order  of  po,  the  lateral 
coherence  length  of  the  wave,  in  agreement  with  the 
results  of  Ref.  1. 

Another  interesting  property  demonstrated  by  Eq. 
(19)  is  that,  in  the  region  of  decreasing  cx2  with  in- 
creasing <tt2,  the  path  weighting  function  for  scintilla- 
tions is  [m(1— m)]-4,  highly  peaked  at  the  transmitter 
and  receiver  ends  of  the  path  and  ultimately,  when 
or^M  it  becomes  completely  uniform.  It  is  interesting 
to  compare  these  weighting  functions  to  the  one  found 
in  the  weak-scintillation  case2  or2 <  0.3,  where  the  most- 
effective  region  for  producing  scintillations  is  the  middle 
of  the  path  with  a  nearly  parabolic  taper  to  zero  effec- 
tiveness at  the  receiver  and  transmitter  ends. 

II.  COVARIANCE 

Another  important  consideration  is  the  resulting 
spatial  structure  of  the  scintillation  pattern  in  strong 
turbulence,  i.e.,  what  scale  sizes  are  produced  in  the 
received  pattern  by  the  most-effective  eddy  size  po- 
This  information  is  contained  in  the  asymptotic  form 
of  Cx(pn,<rT2)-  Again,  we  split  up  the  y  integration  to  the 
region  y<  1  and  1<K  <x>  and  follow  the  previous 
analysis.  After  noting  that  h  in  Eq.  (13)  will  decrease 
with  increasing  oT2  whereas  I2  approaches  a  constant 
value,  we  can  write  immediately  for  ot2»1, 


CX=1.48J     du<rT2(u)        dyy'11'* 

0  J  0 


(4iryu\J 


(25) 


Again  change  variables  to  q  =  8y~bli;  Eq.    (25)   then 
becomes 

Cx=  1.77  /    dul J        dq 

I  /  4tth  \    /3\i     | 

xH(tiJU4  (26> 


Finally,  from  the  definition  of  (3  from  Eq.   (16),  p„ 
from  Eq.  (3)  and  the  definition  of  the  lateral  coherence 


■  1  /-CO 

1.42a6'3/     dul     dq 
o        •/  o 


Xe 


|  /3.34zA 

-«/o{f V3/5(p/po)  ;      <.-::■> 


The  most-significant  observation  about  Eq.  (27)  is 
that  in  this  asymptotic  form  of  the  covariance  function, 
the  important  scaling  length  is  p0  (in  agreement  with 
Ref.  1)  and  not  the  Fresnel  length  (XL)'. 

To  obtain  the  spatial  structure  in  the  scintillation 
pattern,  i.e.,  the  size  of  the  pattern  produced  by  the 
most-effective  eddy  p0  as  a  function  of  normalized  path 
position  u,  we  compute  the  two-dimensional  transform 
of  Eq.  (25). 


Fx(kp)  =  27T  /      dp  pJ0(Kpp)Cx(p). 


(28) 


After    changing    variables    to    r  =  3.3Au/(aq3lipo)    and 
noting  the  Bessel-function  orthogonality  condition, 


dppJo(Krp)Jo(iip)  =  - 


S(k-k') 


(29) 


we  see  that  Fx(kp)  becomes 

fl      /  «  \5/3        T     /3.34u\il3-[ 

Fx(kp)^kp-2       ,/«(--)      exp    -   )       .     (30) 

Jo         VpPo/  L      \  a/Cppo/      J 

Finally,  we  note  that  the  largest  contribution  to  Fx  is 
for  kp~m/po.  This  implies  that  for  (tt^M  the  most- 
effective  eddy  size  pa  produces  a  geometrically  magnified 
pattern  of  size  p0/u  at  the  receiver.  The  largest  structure 
(covariance  tail)  will  then  originate  from  eddies  at  the 
transmitter  end,  and  the  small  scale  structure  (init'a; 
decrease  of  the  covariance)  will  be  due  to  eddies  ai  the 
receiver  end. 

A  similar  calculation  on  the  first  term  involving  A 
following  Eq.  (25)  to  (30)  yields  the  most-effective  eddy 
size  to  be  [\Lu(l—  «)]/po  and  the  resultant  pattern 
size  as  [\L(l—  «)]/po.  The  term  that  dominates  is 
determined  by  the  range  of  aT2  as  is  shown  in  Eq.  (19). 
The  first  term  will  dominate  when  1<ot2<20,  as  is 
shown  by  the  data  in  Ref.  2.  Full  saturation,  i.e., 
crx2  =  0.23  occurs  for  or2>20. 

III.  CONCLUSION 

We  have  demonstrated  the  equivalence  of  the  theories 
of  Yura1  and  Clifford  et  al.2 ;  that  is,  both  theories  predict 
an  irradiance  variance  that  saturates  to  a  constant 
value  for  increasing  values  of  or2-  Furthermore,  both 
theories  predict  identical  amplitude  correlation  scales, 
and  that,  in  the  saturation  regime,  (i.e.,  for  or2»l), 
the  most-important  turbulent  eddies  are  those  that 
have  characteristic  scale  sizes  of  the  order  of  the  lateral 
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coherence  length  of  the  optical  wave.  Thus,  for  example,  3V-  I  Tatarskii,  The  Effects  of  the  Turbulent  Atmosphere  on  Wave 

.v     .                i                                     c  ,l             i-i    j     a  Propagation  (National  Technical  Information  Service,  U.  S. 

the  temporal  power  spectrum  of  the  amplitude  fluctua-  Dept.  of  Commerce,  Springfield,  Va.,  1971),  Ch.  3. 

tion  that  is  implied  from  the  results  of  the  theory  of  4As  is  shown  below,  the  main  contribution  to  the  >  integral 

Ref.  2  is  equivalent  to  that  which  is  obtained  from  occurs  for  y(<rr2)6,6>>l.  Therefore,  in  calculating /.,  the 

_    r    .         ...                 ...,._,_  bessel  function  occurring  in  the  expression  tor /(v I  can 

Ref.  1  and  is  given  explicitly  in  Ref.  7.  be  negiected. 

5The  same  asymptotic  limit  is  also  obtained  for  plane  waves 
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Wind  Measurement 
with  Acoustic  Doppler 


D.  W.  Beran,  NOAA 


The  signal  received  from  sound 
scattered  by  the  atmosphere  contains 
two  distinct  characteristics  that  can  be 
used  to  interpret  the  scattering  medium. 
The  first  characteristic  is  the  intensity 
of  the  signal.  A  companion  article  in 
this  issue  of  Atmospheric  Technology 
discusses  ways  in  which  scattered  acous- 
tic signal  intensity  can  be  used  to  study 
the  atmosphere  (Morris  and  Hall, 
"Remote  Sensing  of  the  Atmosphere  by 
Sound";  see  also  Little,  1969).  The 
second  characteristic  of  the  signal  is  its 
frequency.  If  the  oiiginal  liansmitted 
carrier  frequency  is  known,  it  can  be 
compared  with  the  returned  signal 
frequency  to  determine  a  doppler  shift. 
This  doppler  shift  is  primarily  a  func- 
tion of  the  wind  speed  in  the  region 
where  the  scattering  occurred,  and 
through  proper  manipulation,  can  be 
converted  to  a  measurement  of  that 
same;  wind  speed. 

Use  of  doppler  information  for  mea- 
suring wind  speeds  represented  one  of 
the  first  successful  attempts  to  derive 
quantitative  data  with  the  acoustic 
sounder  (Kelton  and  Bricout,  1964). 
Earlier  analysis  of  signal  intensity  led  to 
qualitative  representations  of  boundary 
layer  structure.  The  striking  detail 
shown  by  this  technique  was  valuable 
for  guiding  other  types  of  measurement 
systems  and  led  to  new  insight  and 
understanding  of  boundary  layer  pro- 
cesses; but  quantitative  information  was 
limited  to  the  height  and  time  history  of 
the  evenls  lh.it  were  depicted. 

Research  during  the  past  three  years 
(Beran,  1971;  Beran,  Little,  and  Will- 
marth,  1971;  and  Beran  and  Clifford, 
1972)  has  led  to  the  development  of 
acoustic  doppler  systems  that  arc  al- 


ready being  tested  for  such  operational 
applications  as  low-level  wind  measure- 
ments at  airports.  While  these  sytems 
have  not  yet  reached  their  ultimate 
development  in  terms  of  equipment 
sophistication,  they  are  showing  where 
refinements  are  needed  and  where 
physical  limitations  such  as  ambient 
background  noise  will  prevent  use  of  a 
system.  This  article  traces  the  develop- 
ment of  the  acoustic  doppler  system 
from  its  beginning  as  a  single-antenna 
instrument  measuring  only  the  vertical 
component  of  the  wind  to  a  multi- 
transmitter/receiver  system  used  to 
measure  a  vertical  profile  of  the  hori- 
zontal wind.  As  a  background  to  the 
history  of  this  development,  we  should 
first  .consider  the  physics  of  sound 
scattering  and  its  interaction  with  the 
doppler  principle  in  the  design  of  a 
doppler  system. 

Sound  Scattering  and 
the  Doppler  Principle 

The  theory  of  sound  scattering  by 
turbulent  fluctuations  in  the  atmo- 
sphere is  adequately  reported  by  Tatar- 
skii  (1971)  and  Monin  (1961),  and  by 
Morris  and  Kail.  For  this  reason,  I  will 
consider  only  those  aspects  of  the  scat- 
tering equation  that  are  important  to 
the  design  of  a  doppler  system.  In  order 
to  discuss  scattering,  however,  it  is  help- 
ful to  understand  the  rudiments  and 
application  of  the  doppler  principle. 

Assume  that  we  are  dealing  with  a 
very  simple  acoustic  system  (sec  Fig.  1) 
that  sends  a  sound  pulse  vertically  into 
the  atmosphere  from  a  transmitter  (T). 
The  sound  pulse  is  then  scattered  from 
some   volume   and  arrives  back  at   the 


receiver  (R).  If  the  scattering  volume  at 
point  0  is  moving  with  a  velocity,  V, 
the  frequency,  f0,  of  the  sound  trans- 
mitted at  T  will  be  shifted  to  some  new 
frequency,  fs,  when  it  arrives  at  R.  The 
difference  between  these  frequencies, 
Af,  will  be  proportional  to  the  velocity, 
V.  Expressing  the  transmitted  frequency 
as  wave  vector,  K0,  and  the  scattered 
frequency,  fs,  as  wave  vector,  Ks,  we 
can  write  the  difference  frequency,  or 
doppler  shift,  in  vector  form  as 


Af 


h  ft   "  \) 


(1) 


Writing  Eq.(l)  in  terms  of  the  scat- 
tering angle,  6  (see  Morris  and  Hall),  and 
the  wavelength,  X0,  of  the  transmitted 
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Fig.  1  Wave  vector  diagram  showing 
the  wind  component  measured  by  a 
doppler  shift. 
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wave,  and  defining  the  angle  between 
the  total  wind  vector  in  the  plane 
formed  by  the  transmitter  and  receiver 
beams,  we  have 


Ai 


2V 

r si 


•(f) 


P) 


where  V  cos/?  is  now  the  magnitude  of 
the  wind  resolved  along  vector,  KsKo- 
The  direction  of  this  doppler  com- 
ponent is  along  the  bisector  of  the  angle 
formed  by  the  lines  TO  and  OR. 

If  X0  is  replaced  by  C/f0  where  C  is 
the  speed  of  sound,  the  magnitude  of 
the  wind  component  that  produced  the 
observed  doppler  shift  is 


V  cos  3 


2  sin 


1 83 


(3) 


The  diagram  shown  in  Fig.  1  repre- 
sents a  bistatic  system  where  the  trans- 
mitter and  receiver  are  separated.  For 
the  monostatic  case  (transmitter  and 
receiver  collocated)  the  vector  (Ks-K0) 
would  simply  rotate  to  the  common  line 
formed  by  the  transmitter  and  receiver 
beams,  and  the  doppler  vector  would  be 
pointed  radially  along  the  collocated 
antenna  beams.  We  also  see  from  Eq.  (2) 
that  the  magnitude  of  the  doppler  fre- 
quency shift  is  dependent  on  the  sine  of 
one-half  the  scattering  angle  0,  de- 
creasing the  observed  shift  at  smaller 
scattering  angles  for  a  constant  wind. 
Refraction  effects  from  anomalous  ther- 
mal and/or  wind  fields  can  produce 
errors  in  the  measured  wind  (Georges 
and  Clifford,  1972).  Within  ranges  of 
less  than  1  km,  these  errors  for  worst- 
case  conditions  are  less  than  5%. 

In  measuring  the  horizontal  wind,  we 
must  settle  for  a  non-horizontal  com- 
ponent in  the  plane  formed  by  the 
transmitter  and  receiver  beams.  Ideally, 
this  component  should  be  directed  as 
near  to  the  horizontal  as  possible.  This 
implies  that  it  would  be  best  to  employ 
a  monostatic  system  with  the  antenna 
tilled  at  an  elevation  angle  of  around 
45  .  A  bislatic  system,  where  the  mea- 
sured component  is  along  the  bisector 
of  the  two  antenna  beams,  with  the  re- 
ceiver also  tilted  to  45°,  would  measure 
a  doppler  vector  at  67.5°  from  the  hori- 


zontal. On  this  basis  alone,  the  choice  of 
an  optimum  configuration  seems  clear; 
however,  when  the  scattering  character- 
istics are  considered,  the  problem  is  less 
easily  resolved. 

In  the  backscatter  direction  (0  = 
180°),  the  temperature  fluctuations  are 
the  only  effective  scatterers.  In  all  other 
directions,  except  at  6  =  90°  where  no 
energy  is  scattered,  the  amount  of 
sound  scattered  is  a  function  of  both 
temperature  and  wind  fluctuations  (see 
Morris  and  Hall).  In  practice,  this  means 
that  for  a  given  range,  bistatic  signals 
will  be  stronger  than  monostatic  signals. 
In  addition,  the  backscatter  signal 
strength  at  various  ranges  is  highly  de- 
pendent on  the  thermal  structure  of  the 
atmosphere,  creating  regions  of  strong 
echo  intermixed  with  regions  of  weak  or 
nonexistent  signal.  Scattering  in  other 
directions,  where  the  wind  fluctuations 
also  contribute,  is  less  structured  and 
results  in  a  more  uniform  scattering 
field.  To  achieve  reasonably  continuous 
wind  measurements  in  both  height  and 
time,  the  bistatic  configurations  seem 
preferable. 

The  designer  of  an  acoustic  doppler 
system  is  faced  with  the  dilemma  of 
choosing  between  a  tilted-beam  mono- 
static  system  with  its  good  doppler 
resolution  angle  but  weak  and  inter- 
mittent signal,  and  a  bistatic  system 
with  its  generally  good  signal  strength 
but  poor  doppler  resolution  angle.  Much 
of  the  work  described  below  has  been 
directed  toward  resolving  this  question, 
and  the  test  rcrults  help  to  clarify  when 
and  why  each  of  the  techniques  should 
be  used. 

Doppler  Experiments 

The  first  attempt  to  measure  winds 
aloft  using  the  acoustic  doppler  prin- 
ciple was  made  with  a  vertically  pointed 
monostatic  system  (Beran,  Little,  and 
Willmarth,  1971).  Profiles  of  the  vertical 
wind  were  determined  by  range-gal ing. 
The  measurements  were  not  compared 
with  other  wind  sensors  for  validity; 
however,  the  continuity  of  the  velocity 
field  (see  Fig.  2)  indicated  that  the 
measurements    were    at    least    of    the 


correct  sense  and  that  their  magnitudes 
appeared  reasonable. 

Later  the  horizontal  wind  was  mea- 
sured with  more  elaborate  equipment 
and  compared  with  values  from  nearby 
anemometers  (Beran  and  Clifford, 
1972).  Three  separate  and  independent 
wind  components  were  measured  by 
three  monostatic  acoustic  sounders,  one 
pointed  vertically  and  the  other  two 
located  along  orthogonal  lines  inter- 
secting at  the  vertical  antenna  and  tilted 
inward  so  the  three  antenna  beams 
intersected  at  a  point  (see  Fig.  3).  Winds 
near  this  common  volume  were  mea- 
sured by  the  Boundary  Layer  Profiler 
(BLP)  owned  and  operated  by  NCAR. 
Because  of  the  intense  sound  reflection 
at  a  helium-air  interface,  the  BLP  could 
not  be  placed  in  the  scattering  volume; 
however,  it  was  usually  possible  to  keep 
the  distance  between  the  two  measure- 
ment points  (the  BLP  and  the  common 
scattering  volume)  to  less  than  100  m. 

The  acoustic  system  described  above 
was  operated  in  both  the  monostatic 
mode,  where  the  three  antennas  used 
separate  carrier  frequencies  to  prevent 
cross  talk,  and  in  a  bistatic  mode,  where 
only  the  vertical  antenna  was  active,  and 
the  outlying  antennas  served  as  passive 
receivers.  A  comparison  of  the  BLP 
winds  and  the  doppler  winds  measured 
in  the  bistatic  mode  is  shown  in  Fig.  4. 
These  wind  values  were  taken  200  m 
above  the  ground  and  have  been  filtered 
with  a  2  -  min  lime  constant  to  elimi- 
nate variations  that  might  have  occurred 
as  the  result  of  the  separation  of  the 
two  measurement  points. 

These  early  experiments  indicated 
that  the  winds  at  a  point  above  the 
ground  could  be  measured  with  either  a 
monostatic  or  a  bistatic  system.  Later 
work  also  revealed  that  the  monostatic 
signal — expected  to  be  weaker  and  less 
uniform — did  not  produce  a  continu- 
ous wind  record  in  time. 

The  next  step  was  to  devise  a  method 
of  measuring  a  vertical  profile  of  the 
horizontal  wind.  Because  of  the  diffi- 
culty of  mechanically  steering  an  acous- 
tic antenna  (noise  from  bearings  and 
mechanical  linkages  is  generally  intoler- 
able),   a    sclreme    using    monostatic 
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Fig.  3  Schematic  of  field  setup 
for  testing  three-axis  doppler 
wind  technique. 


Fig.  4  Scatter  diagram  com- 
paring wind  measured  by 
acoustic  doppler  (DOI'J  and 
the  Boundary  Layer  Profiler 
(BLPj.  Tlic  correlation  coeffi- 
cient is  r  =  0.96  and  the  slope 
of  the  best-fit  linear  regression 
curve  (solid  line)  is  0. 95. 
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Fig.  2  Acoustic  echoes  (a)  and  doppler- 
derived  vertical  velocity  field  (b)  during 
thermal  plume  activity.  Contour  intciral 
is  0.4  m/sec,  regions  of  velocity 
>0.8  m/sec  are  shaded,  and  arrows 
indicate  direction  of  vertical  component. 


antennas  in  the  configuration  shown  in 
Fig.  3  was  tried.  The  nionostatic  signals 
from  each  of  the  three  antennas  were 
gated  to  produce  three  radial  com- 
ponents at  each  of  several  altitudes.  The 
three  components  were  not  from  a 
common  volume  at  altitudes  other  than 
at  the  point  of  intersection  of  the  three 
beams.  To  compensate  for  this,  the 
resulting  doppler  frequencies  (radial 
components)  were  averaged  for  times 
long  enough  to  make  the  assumption  of 
horizontal  homogeneity  valid  (usually 
about  2  min).  The  time-height  history 
of  the  isotach  field  derived  in  this  way 
was  encouraging  (see  Fig.  5),  but  again, 
the  weak  monostatic  signal  made  the 
technique  useful  only  for  the  study  of 
special  events  where  strong  thermal 
activity  could  be  expected. 

To  achieve  the  strong  and  consistent 
signa  necessary  for  continual  measure- 
ment of  the  wind  profile  under  a  wide 
variety  of  conditions,  it  was  necessary 
to  employ  the  bistatic  mode  of  opera- 
tion. This  could  be  done  by  using  either 
fanned-beam  receiving  antennas,  several 
pencil  beams  at  different  spacing  or 
pointed  in  different  directions,  or  a 
phased  antenna  that  could  be  electroni- 
cally steered.  The  first  test  of  a  bistatic 
system  for  measuring  a  vertical  profile 
of  the  wind  used  unmodified  receiving 
antennas  spaced  at  various  distances 
from  the  vertically  pointed  transmitter 
(see  Fig.  6).  The  results  of  comparisons 
between  the  winds  measured  with  this 
test  setup  and  the  same  wind  com- 
ponent measured  by  a  slow-ascent  radio- 
sonde were  very  good  (sec  Fig.  7).  Later 
tests  with  a  fanned  beam  indicated  that 
the  noise  collected  by  the  very  wide 
beam  was  greater  than  could  be 
tolerated. 

One  difficulty  with  the  spaced- 
receiver  configuration  shown  in  Fig.  6  is 
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Fig.  .5  Time  section  ofisotuchs  for  horizontal  wind  (in  meters  per  second) 
under  oscillating  inversion.  Muds  were  derived  solely  from  acoustic 
doppler  measurements,  using  three  separate  monostotic  systems: 
one  aimed  vertically  and  the  other  two  at  45°. 
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Fig.  6  Field  setup  used  during  tests  of 
the  bistatic  configuration  for  measuring 
wind  profiles.  A  is  the  transmitter;  B  \ 
and  B2  are  receivers. 
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Fig.  7  Comparison  of  one  wind  com- 
ponent (221°  azimuth)  as  measured  by 
acoustic  doppler  and  a  slow-ascent 
radiosonde.  The  numbers  along  the 
right  indicate  the  amount  of  time  by 
which  the  doppler  data  were  adjusted 
to  compensate  for  the  slow  ascent  rate 
of  the  radiosonde. 


the  lack  of  signal  at  low  elevations; 
there  is  no  signal  at  scattering  angles 
equal  to  90°,  and  the  intensity  of  signal 
near  this  scattering  angle  is  very  low. 
One  solution  was  to  add  yet  another 
receiving  antenna  near  the  transmitter; 
however,  this  only  complicated  the 
already  difficult  problem  of  switching 
between  antennas  as  the  signal  pro- 
gressed upward.  A  simpler  solution 
involved  using  the  outlying  antennas  in 
the  monostatic  mode  during  the  dead 
period  between  the  time  when  the 
original  pulse  was  transmitted  and  the 
time  when  the  scattered  signal  reached 
the  first  receiver.  This  required  that 
only  the  lowest  200  m  or  so  be  covered 
by  the  monostatic  mode.  Despite  this 
reduced  range  requirement,  the  mono- 
static  portion  of  the  pulse  cycle  was  still 
found  to  be  unacceptably  inconsistent. 
The  latest  test  configuration  em- 
ployed two  moderately  wide-beamed 
receivers  with  a  single  main  transmitter 
and  smaller  satellite  transmitters  located 
along  the  lines  between  the  main  trans- 
mitter and  receivers  (see  Fig.  8).  This 
configuration  eliminated  the  need  for 
switching  between  receiving  antennas 
and  retained  the  advantage  of  receiving 
bistatic  signals  at  all  elevations. 

Operational  Tests 

A  system  funded  by  the  Federal  Avia- 
tion Administration  used  the  multi- 
transmitter  configuration  for  operation 
at  Stapleton  International  Airport  in 
Denver,  Colorado.  Doppler  wind  pro- 
files from  this  experiment  have  been 
compared  with  the  local  radiosonde 
winds.  One  such  comparison  is  shown  in 
Fig.  9.  Operation  of  an  acoustic  system 
at  an  active  airport  site  placed  the  sys- 
tem in  one  of  the  potentially  most 
hostile  environments.  The  intense  noise 
generated  by  aircraft  completely  satu- 
rated the  system,  rendering  it  useless  for 
periods  of  up  to  1  or  2  min.  Sophisti- 
cated data  processing  techniques  were 
tested  to  determine  if  it  is  feasible  to 
operate  an  acoustic  system  in  this  type 
of  environment.  Each  range  gate  of  each 
pulse  was  tested  to  determine  if  the 
signal    intensity   was  high  enough   for 
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successful  doppler  tracking,  the  ambient 
background  noise  had  not  saturated  the 
system,  and  the  signal-to-noise  (S/N) 
was  within  an  acceptable  range.  If  the 
data  passed  all  of  these  tests,  they  were 
then  averaged  exponentially  along  with 
up  to  5  min  of  previous  "good"  data  to 
insure  that  spurious  noise  impulses  that 
may  have  passed  the  tests  were  not 
given  undue  weight.  The  wind  vectors 
were  then  calculated  from  the 
"cleansed"  data. 

These  operational  tests  indicated  that 
reliable  wind  measurements  could  be 
made  even  at  an  airport  location.  It  was 
also  clear  that  further  development  will 
be  required  to  improve  antenna  design 
and  side-lobe  shielding.  It  appears  that 
the  optimum  receiving-antenna  system 
will  consist  of  several  rather  narrow 
beams  pointed  at  increasing  elevation 
angles  to  form  a  fan  shape.  By  progres- 
sively switching  to  beams  at  increasing 
elevation  angles,  the  transmitted  sound 
pulse  can  be  tracked  as  it  travels  up- 
ward. The  background  noise  collected 
by  each  of  the  narrow  beams  would,  of 
course,  be  less  than  that  which  would  be 
collected  by  a  single  fan  beam  covering 
the  same  vertical  extent.  The  improved 
S/N  should  insure  operation  under  most 
conditions. 

Inclement  weather  in  the  form  of 
strong  surface  winds  and  rain  or  hail  is  a 
limitation  for  the  acoustic  system. 
Eddies  formed  by  strong  winds,  and 
hydrometeors  striking  the  antenna  face 
can  both  saturate  the  sensitive  receivers. 
Because  the  receiving  beams  are  pointed 
at  an  angle  to  the  horizontal,  a  partial 
solution  to  these  problems  is  to  cover 
the  antenna  with  a  shelter  to  protect  it 
from  the  direct  impact  of  hydro- 
meteors.  In  addition,  this  shelter  can  be 
constructed  in  the  form  of  an  under- 
ground bunker,  with  a  level  top  con- 
forming to  the  surrounding  terrain  and 
with  the  opening  offset  to  allow  the 
main  antenna  beam  to  project  out  at  an 
angle.  Reducing  the  size  of  the  eddy- 
producing  barriers  minimizes  the  effect 
of  strong  surface  winds.  This  type  of 
antenna  installation  was  used  during  the 
airport  tests,  but  insufficient  data  were 
collected  to  determine  its  effectiveness. 


Fig.  8  Multi-transmitter,  bistatic  antenna  configuration. 
A,  A',  and  A "  are  transmitters;  B  and  C arc  receivers. 
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Fig.  9  Acoustic  doppler  wind  profile  (solid  lines  at  04:56).  Stapleton 
Airport  radiosonde  winds  (dashed  lines)  arc  superimposed 
for  comparison. 
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1 1  is  clear  thai  severe  weather  will  render 
the  system  inoperative,  even  with  the 
protective  shelter;  rain  will  be  driven 
into  the  bunker  openings,  and  the  sound 
of  rain  impacting  on  the  shelter  may 
produce  intolerable  noise  levels.  Until 
testing  is  completed,  the  severity  of 
these  effects  must  remain  an  unknown. 
A  further  limitation  that  has  been 
observed,  but  not  well  documented,  is 
an  apparent  rapid  fall-off  of  both  wind 
and  temperature  fluctuations  above 
certain  strong  temperature  inversions. 
This  lack  of  turbulence  produces  signal 
fading;  during  one  test  involving  some 
300  hr  of  data,  the  signal  above  500  m 
was  found  to  be  unreliable  about  10% 
of  the  time.  This  effect  will,  of  course, 
be  a  function  of  the  season,  location, 
and  diurnal  cycle  of  low-level  stability. 

Conclusions 

The  need  exists  for  making  continual 
real-time  measurements  of  the  wind 
profile  with  high  spatial  and  temporal 
resolution.  Such  wind  profiles  are  essen- 
tial for  providing  pilots  with  a  warning 
of  hazardous  low-level  wind  shears  and 
as  input  to  wake-vortex  motion  predic- 
tion models.  The  need  for  better  wind 
information  in  mesoscale  monitoring 
and  forecasting  problems,  especially 
relating  to  urban  air  pollution,  is  clear 
and  will  increase  as  our  cities  become 
more  congested  and  polluted. 

The  acoustic  doppler  wind-sensing 
technique  appears  to  be  an  answer  to 
these  needs.  It  is  still  based  on  relatively 
new  experimental  equipment  that  will 
undoubtedly  undergo  many  evolution- 
ary improvements  in  the  near  future.  Its 
limitations  arc  recognized,  if  not  cali- 
brated. Many  existing  problems  can  be 
removed  by  improved  design  and  engi- 
neering, but  there  are  those,  such  as 
inclement  weather  and  lack  of  natural 
tracers  above  strong  inversions,  which 
will  remain  as  weaknesses  to  the  opera- 
tional application  of  this  device.  It 
remains  to  be  determined  just  how 
severe  these  limitations  will  be. 

For  specific  research  applications 
where  continual  uninterrupted  opera- 
tion   is    not    essential,    the    acoustic 


doppler  system  holds  the  promise  of  a 
valuable  measurement  tool  that  can 
provide  wind  information  impossible  to 
collect  by  contemporary  methods.  Its 
use  for  this  type  of  research  has  already 
been  demonstrated,  and  it  will  no  doubt 
find  increasing  application  as  the  system 
is  refined  and  developed. 

References 

Beran,  D.  W.,  1971:  Acoustics:  A  new 
approach  for  monitoring  the  environ- 
ment near  airports./.  Aircraft  8(11), 
934  -  936. 


,  C.  G.  Little,  and  B.  C.  Will- 

marlh,  1971:  Acoustic  doppler  mea- 
surements of  vertical  velocities  in  the 
atmosphere.  Nature  230,    160-162. 


,    and    S.F.    Clifford,    1972: 

Acoustic  doppler  measurements  of 
the  total  wind  vector.  Proceedings  of 
the  Second  Symposium  on  Meteoro- 
logical Observations  and  Instrumenta- 
tion, American  Meteorological 
Society,  Boston,  Massachusetts, 
100-109. 


Georges,  T.  M.,  and  S.  F.  Clifford, 
1972:  Acoustic  sounding  in  a  re- 
fracting atmosphere.  J.  Acoust.  Soc. 
Am.  52,  1397-1405. 

Kelton,  G.,  and  P.  Bricout,  1964:  Wind 
velocity  measurements  using  sonic 
techniques.  Bull.  Amer.  Meteor. 
Soc.  45,  SIX  -580. 

Little,  C.  G.,  1969:  Acoustic  methods 
for  the  remote  probing  of  the  lower 
atmosphere.  Proceedings  of  the  IEEE 
57 (4).  571-  578. 

Monin,  A.  S.,  1961:  Characteristics  of 
the  scattering  of  sound  in  a  turbulent 
atmosphere.  Akust.  Zh.  7,  457-461 
(English  translation  in  Sov.  Phys. 
Acoust.  7,  370  -  373). 

Tatarskii,  V.  I.,  1971:  77ie-  Effects  of 
the  Turbulent  Atmosphere  on  Wave 
Propagation.  Springfield,  Virginia, 
VS.  Dept.  of  Commerce,  National 
Technical  Information  Service, 
472  pp.  • 


r 


cy 


*  ~ 


D.  W.  Beran  is  affiliated  with  the  Wave 
Propagation  Laboratory  of  the  NO  A  A 
Environmental  Research  Laboratories  in 
Boulder,  Colorado.  He  received  his  B.S. 
degree  from  Utah  Stale  University  in 
1958,  an  M.S.  in  meteorology  from  Colo- 
rado State  University  in  1966,  and  his  Ph.D. 
in  meteorology  from  the  University  of  Mel- 
bourne, Australia,  in  1970.  He  has  worked 
as  a  meteorologist  for  the  U.S.  Air  Force 
(1959-1962)  and  for  the  Martin  Marietta 
Corp.  (1962-1964),  and  as  a  consulting 
meteorologist  for  A  Hied  Research  A  sso- 
ciatet  (1966-1967).  As  a  Senior  Research 
Fellow  at  the  University  of  Melbourne,  he 
worked  on  the  development  of  an  acoustic 
sounder;  at  NOAA  lie  has  been  involved  in 
the  development  of  an  acoustic  doppler 
system.  Beran  is  a  member  of  the  American 
Meteorological  Society,  the  Acoustical 
Society  of  America,  and  Sigma  Xi. 


99 


63 


Repnnted  from  the  IOHRNAI    OF  FORESTRY 
Vol   73.  No    10  October  1975 


Acoustic  Echo  Sounding  Systems: 

their  potential  in  forest  fire  control  and  research 


D.  W.  Beran 


A  BS  TRACT — Stability  of  the  atmosphere  at  different  lewis 
is  one  important  fat  tor  affecting  the  behavior  oj  forest  fires, 
hut  the  measurement  oj  stability  anil  other  atmospheric 
phenomena  is  complex  and  difficult.  The  acoustic  echo 
sounder  shows  promise  for  measuring  these  parameters  and 
for  monitoring  the  pattern  of  air  flow  superimposed  on  the 
ambient  atmosphere  by  an  intense  heat  source,  suth  as  a 
forest  fire.  It  is  particularly  well  suited  lor  monitoring  the 
depth  of  stable  inversion  layers  and  for  providing  a  qualita- 
tive indication  of  the  degree  of  stability  in  the  lower  atmo- 
sphere. The  addition  oj  a  Doppler  capability  to  acoustic 
systems  has  also  made  it  possible  to  sense  remotely  a  verti- 
cal profile  of  the  total  wind  vector  to  heights  oj  5(X>  m. 


Tf 


he  behavior  of  forest  fires,  whether  wildfires  or 
prescribed  fires,  is  affected  principally  by  the  com- 
bined effects  of  fuel,  slope,  and  the  atmosphere.  Fuels 
and  slope  are  highly  visible,  and  characteristics  are 
relatively  easy  to  measure.  Some  elements  of  the  at- 
mosphere are  fairly  easy  to  measure,  at  least  near 
ground-level:  direction  and  speed  of  the  wind,  atr  tem- 
perature, and  relative  humidity.  But  other  important 
characteristics  of  the  atmosphere  frequently  are  more 
difficult  for  the  average  fire  manager  to  measure:  ver- 
tical motion  of  the  air  from  ground  level  to  several 
thousand  feet  above  the  fire,  the  elevation  of  inversion 
layers,  changes  in  wind  speed  and  direction  at  different 
elevations,  and  air  turbulence  caused  by  differential 
heating  of  the  earth's  surface  and  by  the  forest  fire's 
rising  column  of  heated  air  (6 ). 

The  acoustic  echo  sounder  is  a  relatively  new  device 
that  shows  promise  for  measuring  several  of  these  at- 
mospheric phenomena.  Thermal  plumes,  low-level  in- 
versions, and  wind  profiles  (2,  3.  8)  are  among  the 
phenomena  which  this  device  has  already  successfully 
monitored.  The  close  association  between  boundary  - 
layer  meteorology  and  the  dynamics  of  forest  fires 
suggests  the  potential  use  of  an  acoustic  sounder  for 


applications  in  forest  fire  meteorology  and  possibly  as 
an  aid  in  fire  control.  The  purpose  of  this  paper  is  to 
explore  that  potential. 

How  the  Acoustic  Sounder  Operates 

When  a  sound  wave  is  transmitted  into  the  atmo- 
sphere, several  things  happen.  It  is  absorbed  as  a  func- 
tion of  the  atmospheric  temperature  and  humidity,  it 
spreads  as  a  function  of  distance  traveled,  and  it  is 
scattered  by  the  naturally  occurring  turbulence  in  the 
atmosphere  (5  ).  Scattering  of  a  sound  wave  in  a  back- 
ward direction  (1X0  from  the  direction  of  the  original 
transmitted  wave)  is  caused  solely  by  fluctuations  in 
ambient  temperature  (7).  Scattering  in  all  other  direc- 
tions, except  at  90'.  is  a  function  of  both  turbulent 
wind  and  temperature  fluctuations. 

The  acoustic  echo  sounder,  when  operated  in  its 
simplest  configuration,  relies  on  the  backscattered 
sound  from  the  fluctuations  in  temperature.  This  con- 
figuration, called  monostatic  Uivurc  I),  uses  a  single 
antenna  which  first  transmits  a  sound  pulse  and  then, 
switched  to  a  passive  receive  mode,  collects  the 
backscattered  sound.  Variations  in  the  intensity  of  the 
acoustic  returns,  which  are  directly  related  to 
Richardson's  number  or  the  intensity  of  atmospheric 
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H^ure  1.   Components  of  a  basic  monostatic  acoustic  sounder. 


turbulence  along  the  path  of  the  original  pulse,  are 
recorded  as  a  function  of  time.  This  information  can 
then  be  easily  converted,  through  the  use  of  the  speed 
of  sound,  to  the  distance  between  the  receiver  and  a 
particular  level  in  the  atmosphere  where  the  transmit- 
ted sound  wave  was  scattered. 

If  the  transmitter  and  receiver  are  separated  (bistatic 
configuration),  sound  scattered  from  fluctuations  in 
wind  can  also  be  received.  In  general,  the  records  from 
a  monostatic  configuration  give  a  detailed  picture  of 
the  thermal  structure  in  the  atmosphere  while  the  bi- 
static system,  having  the  added  scattering  from  the 
wind,  tends  to  give  a  more  uniform  distribution  of  re- 
turns. This  difference  in  the  returns  from  the  two  con- 
figurations can  be  seen  by  comparing  Figures  2  and  3 
which  illustrate,  respectively,  records  taken  with 
monostatic  and  bistatic  systems. 

Records  from  a  monostatic  system  can  be  correlated 
with  the  thermal  structure  of  the  boundary  layer.  Dark 
regions  (strong  returns)  indicate  either  very  stable  or 
unstable  lapse  rates  of  atmospheric  temperature,  while 
white  regions  (weak  returns)  indicate  neutral  stability. 
A  comparison  between  a  radiosonde  temperature  pro- 
file and  a  sounder  record  is  shown  in  Figure  4.  A  qual- 
itative indication  of  the  boundary  layer  stability  can  be 
gained  from  the  monostatic  sounder  records.  For 
example.  Figure  5  shows  the  transition  from  stable  air 
(the  region  with  horizontal  stratification)  to  unstable 
(the  region  characterized  by  vertically  oriented  dark 
areas). 
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Figure  2.  Facsimile  record  taken  by  a  vertically  pointed  monostatic  acoustic  sounder.  The  temperature  dewpoint  and  wind  traces  on  the  right 
were  taken  by  a  radiosonde  launched  some  5  miles  from  the  sounder  site. 
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same  region  of  the  atmosphere.  Note  the  lack  ol  detail  and  more 
continuous  record  produced  h\  the  bistalic  sislcin. 
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Figure  4.  Comparison  of  a  monostatic  sounder  record  with  a 
radiosonde  temperature  profile.  Radiosonde-derived  winds  are  shown 
bv  arrows  (north  is  upl.  Speeds  are  in  m/s. 


I  he  intensity  tit' the  scattered  signal  is  used  to  show 
the  details  of  the  thermal  structure  and  to  inter  the 
stability.  The  target  or  scattering  volume  which  pro- 
duces this  signal  is  moving  with  the  ambient  wind. 
This  motion  produces  a  Doppler  shift  between  the 
transmitted  frequency  and  the  frequency  of  ihe  re- 
turned signal.  This  Doppler  shift  can  be  converted  to 
that  component  of  the  wind  velocity  which  is  along  the 
transmitted  beam  for  a  monostatic  system  (J).  An 
example  of  vertical  velocities  derived  from  acoustic 
Doppler  information  is  shown  in  Figure  ft.  The  left 
side  of  Figure  ft  shows  the  facsimile  record  generated 
by  thermal  plumes;  on  the  right  is  the  Doppler-derived 
vertical  velocity  Held  associated  with  these  thermal 
plumes. 

A  single  monostatic  system  can  measure  (by  gating) 
the  profile  of  only  one  wind  component.  If  three 
monostatic  systems  are  properly  arranged,  a  profile  of 
the  total  wind  vector  can  be  measured  (/).  One  such 
configuration  which  has  been  tested  is  shown  in  Figure 
7.  A  comparison  of  the  winds  measured  at  the  intersec- 
tion of  the  three  beams  with  an  anemometer  suspended 
from  a  kytoon  is  shown  in  Figure  X. 

Because  monostatic  systems  are  well  suited  for  de- 
tecting thermal  structure  and  do  not  receive  uniform 
returns  in  all  regions  within  their  range,  they  are  not 
optimum  for  measuring  the  entire  wind  profile.  Gaps 
in  the  wind  record  can  occur  in  regions  of  neutral  air 
stability.  This  problem  can  be  overcome  by  adapting 
the  bistatic  configuration  for  wind  measurements 
(Figure  9).  Transmitters  at  points  A.  A'  and  A"  send 
sound  pulses  upward  through  the  beams  generated  by 
receivers  at  point  B  and  C  in  Figure  9.  The  sound  is 
scattered  into  the  receiver  beams,  and  wind-induced 
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Figure  5.    Monostotic  sounder   record  showing  the  transition  of  the  boundary  layer  from  stable  to  unstable.  The  inversion  is  completely 
broken  up  by    1 130. 


IZ0 


100 


80- 


60   • 


40  - 


20 


1538 


(ERIE  ,     COLORADO) 


i r 


1540 

1542                  1538 

(a) 

Local    Time 

October   9,  1970 

1540 


1542 


!b) 


120 


100 


-60 


?0 


Figure  ft.   Dopplcr  derived  vertical  wind  field  iniVsi  taken  during  the  thermal  plume  event  shown  on  the  left. 
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Figure  7.  Field  setup  used  for  testing  a  three-axis  acoustic  Doppler  system.  An  anemometer  was  suspended  from  the  Boundary  Layer  Profiler 
(BLP)  and  used  to  check  the  winds  measured  by  the  Doppler  system. 


motion  of  the  scattering  volume  is  detected  as  a  Dop- 
pler shift  at  B  and  C.  By  time-gating,  the  profile  of 
Doppler  shift  (wind  speed)  can  be  determined.  Tests 
have  shown  that  the  bistatic  configuration  solves  the 
problem  of  non-uniform  tracers;  however,  the  mea- 
sured wind  component  is  along  the  bisector  of  the 
angle  formed  at  the  intersection  of  the  transmitted  and 
received  beams.  This  vector  is  directed  at  an  angle  that 
is  always  closer  to  the  vertical  than  the  vector  from  a 
monostatic  antenna  having  a  similar  tilt  angle.  This 
means  that  the  horizontal  wind  is  slightly  more  difficult 
to  resolve  from  the  bistatically  measured  component 
than  it  would  be  from  a  monostatically  derived  com- 
ponent. Despite  this  difficulty,  the  bistatic  configura- 
tion has  proved  to  be  superior  for  measuring  wind  pro- 
files on  a  continual  basis.  When  gaps  in  the  wind  rec- 
ord can  be  tolerated,  as  with  observations  of  a  particu- 
lar phenomenon  such  as  the  velocity  in  a  smoke 
plume,  the  monostatic  configurations  can  be  equally 
successful. 

Multiple  antennas,  arranged  so  that  lines  connecting 
the  antennas  form  a  closed  loop,  have  been  used  to 
measure  yet  another  meteorological  variable,  vorticity 
(4).  Sound  is  transmitted  and  received  through  the 
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Figure  8.  Scatter  diagram  comparing  winds  measured  by 
acoustic  Doppler  (DOP)  and  the  Boundary  Layer  Profile 
(BLP).  Correlation  coefficient  r  =  0.96  and  the  slope  of  the  best 
fit  linear  regression  curve  (solid  line)  is  0.95. 


68 


Figure  9.  Bistatic  acoustic  Doppler  configuration  used  fur  airport 
tests.  Antennas  at  A,  A  and  A  were  acti\e  transmitters.  1  he  anten- 
nas at  B  and  C  were  passi\e  receivers'"'. 

sidelobes  of  even  the  best  practical  antennas.  By 
measuring  the  transit  time  of  the  sound  between  adja- 
cent antennas  in  both  directions,  the  component  of 
wind  along  this  path  can  be  determined.  For  a  config- 
uration such  as  that  shown  in  f-'ifjiire  10,  this  wind 
information  provides  the  necessary  input  for  calculat- 
ing the  circulation  or  vorticity  of  the  region  enclosed 
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Figure   1 1 .   Record  of  vorticity   measurements  made  with  an 
acoustic  triangle  similar  to  that  shown  in  Figure  10'6'. 

by  the  antennas.  For  example,  if  the  distance,  Li ,  be- 
tween the  points  A  and  B  is  known  and  the  transit  time 
of  the  sound  pulse  from  A  to  B,  t  ut  ,  and  the  transit 
time  from  B  to  A,  tHX  ,  can  be  determined,  the  wind 
velocity  along  the  line  from  A  to  B  is: 


L,  ( 


Figure  10.  Schematic  layout  of  sound  sources  and  receivers  used  to 
measure  the  wind  along  the  path  AB,  BC,  and  (  B.  which  in  turn  is 
used  to  derive  the  vorticity. 


This  method  has  been  used  to  calculate  the  vorticity 
associated  with  thermal  phimes  (Figure  II). 

Applications  to  Fire  Meteorology 

The  relevant  question  now  is:  How  can  these  dem- 
onstrated capabilities  o\  the  acoustic  sounder  be 
applied  to  the  study  and  application  of  forest  fire 
meteorology'.'  There  are  several  possibilities,  all  re- 
lated to  air  flow,  which  could  be  tested  on  wildfires  or 
controlled  burns. 

First,  the  acoustic  sounder  could  monitor  air  stabil- 
ity, which  affects  the  direction,  speed,  and  turbulence 
of  air  flow,  and  hence  affects  fire  behavior.  Continual 
monitoring  of  the  boundary  layer  stability  is  possible 
with  a  simple  monostatic  acoustic  sounder.  The  gross 
stability  can  be  determined  not  from  a  temperature 
profile,  but  from  the  pattern  observed  on  a  facsimile 
record.  These  patterns  provide  an  excellent  indication 
of  the  state  of  the  atmosphere.  The  different  appear- 
ance of  records  during  stable  and  unstable  conditions 
is  clearly  discernable  and  cannot  be  mistaken.  The  de- 
gree of  stability  under  stable  conditions  is  somewhat 
more  difficult  to  ascertain,  but  the  intensity  of convec- 
tive  activity,  the  more  important  parameter,  is  closely 
related  to  the  size  of  the  convective  elements  observed 
in  the  record.  The  actual  temperature  profile  cannot  be 
determined  with  an  acoustic  sounder;  however,  it  ap- 
pears quite  feasible  to  classify  the  various  patterns  that 
can  be  seen  in  the  record  wi,th  the  degree  of  air  stabili- 
ty. These  results  differ  from  those  obtained  from  use 
of  a  radiosonde;  a  radiosonde  permits  recording  and 
plotting  the  temperature  profile,  and  then  obtaining  a 
quantitative  value  of  air  stability.  From  the  fire  man- 
ager's viewpoint,  it  would  seem  that  the  real-time. 
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continual  output  of  qualitative  information  about  air 
stability  in  an  easily  usable  form  could  outweigh  the 
disadvantage  of  not  having  ^quantitative  value  for  that 
parameter. 

Present  techniques  of  data  transmission  also  make  it 
feasible  to  locate  an  acoustic  sounder  at  a  remote  site 
where  it  could  operate  for  extended  periods  of  time 
with  onl>  occasional  visits  for  routine  maintenance. 
Data  from  several  acoustic  sounders,  located  so  as  to 
give  good  coverage  of  the  stability  over  a  wide  region, 
could  be  transmitted  to  a  recorder  at  a  convenient, 
central  location. 

Second,  the  acoustic  sounder  could  sense  the  wind 
profile  to  heights  of  several  hundred  meters.  As  far  as 
transmission  of  data  is  concerned,  this  type  of  installa- 
tion could  be  just  as  feasible  as  the  simple  single-axis 
monostatic  system.  The  more  complex  bistatic 
multiple-antenna  system  and  the  need  for  an  on-line 
computer  to  process  the  Doppler  information  would, 
of  course,  make  such  installations  more  costly. 

Third,  the  acoustic  sounder  could  be  used  for  re- 
motely measuring  the  dynamics  of  air  flow  in  and 
around  a  tire.  For  example,  the  vertical  velocity  of 
convective  air  flow  in  the  smoke  plume  of  a  fire  is  one 
parameter  which  should  be  easy  to  measure.  The  in- 
tense heat  from  the  tire  would  produce  temperature 
fluctuations  (the  traceable  parameter)  in  the  smoke 
plume  that  are  far  in  excess  of  any  that  would  result 
from  solar  heating  of  the  earth's  surface.  Because  of 
this  more  intense  thermal  activity,  it  is  reasonable  to 
expect  that  the  present  range  of  simple  monostatic  sys- 
tems, on  the  order  of  several  hundred  meters,  could  be 
extended  to  a  kilometer  or  more  With  this  capability 
three  or  more  monostatic  sounders  could  be  positioned 
around  the  perimeter  of  the  tire  with  their  beams  di- 
rected inward  to  a  point  within  the  smoke  plume  [Fig- 
ure 12).  The  Doppler  shift  derived  from  these  sound- 
ers would  then  provide  the  information  needed  to  de- 
termine the  total  velocity  vector  of  air  How  at  points 
above  the  fire. 

The  indraft  of  air  into  a  tire  at  low  levels,  which 
markedly  affects  the  fire's  intensity,  also  could  be 
measured,  assuming  the  absence  of  severe  ray  bending 
due  to  heated  air.  With  antennas  positioned  around  the 
fire,  as  shown  in  Figure  12 .  it  would  be  possible  to  use 
sidelobe  leakage  of  the  sound  pulses  along  the  direct 
line  of  sight  between  adjacent  antennas  to  measure  the 
airflow  These  measurements  could  then  be  used  to 
determine  the  fire's  effect  on  the  ambient  vorticitv 
field. 

Potential  Problems 

To  provide  a  balanced  picture  about  the  possible  use 
of  acoustic  sounders  to  measure  forest  fire  meteorol- 
ogy .  .1  tew  statements  concerning  the  unknowns  are  in 
order.  Acoustic  sounders  now  in  operation  work  in  the 
audible  frequency  range.  The  noise  generated  by  an 
intense  tire  therefore  could  cause  the  signal-to-noise 
ratio  to  reach  unacceptable  levels.  I  am  not  aware  of 
published  data  about  sound-level  measurements  that 
have  been  made  in  the  vicinity  of  intense  tires.  1  would 
recommend  that  if  such  measurements  have  not  been 
made,  they  should  be  one  of  the  (list  steps  taken  be- 
fore considering  an  acoustic  system  for  this  applica- 
tion. Techniques  tor  suppressing  high-level  noise  that 
might  be  collected  in  the  antenna  sidelobes  have  been 


l- i|>ure  12.    Artist's  concept  of  ho»  acoustic  sounders  miyhl  be  used  In 
measure  the  velocities  in  the  smoke  plume  from  a  controlled  lire. 


developed  tor  use  at  airports,  in  urban  regions,  and 
onboard  ships  The  same  techniques  could  be  adapted 
to  suppress  the  noise  of  a  tire  at  the  antenna. 

Strong  surface  w  inds  (abov  e  21)  knots )  can  also  hav  e 
a  detrimental  effect  on  the  operation  of  a  sounder. 
Again,  careful  attention  to  the  preparation  of  shielding 
tor  the  antenna  and  transducer  can  lessen  this  prob- 
lem: however,  surface  winds  remain  an  important  con- 
sideration in  site  selection. 

In  summary,  acoustic  echo  sounding  appears  10 
have  several  remote  sensing  applications  which  could 
benefit  both  operational  and  experimental  aspects  of 
forest  fire  meteorology.  Doppler  radar  has  been  used 
to  make  smoke  plume  velocity,  measurements.  With 
this  exception,  most  tire-related  measurements  of 
plume  velocity  and  vorticitv  arc  difficult  lo  make  with 
other  contemporary  techniques.  Although  the  soundei 
cannot  make  absolute  temperature  measurements,  lis 
unique  ability  to  provide  continually  .1  qualitative  in- 
dication of  atmospheric  stability  at  ,1  remote  site  could 
prove  valuable  lor  tire  control  measures.      ■ 
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Abstract 

The  application  of  ground-based  remote-sensing  systems 
for  monitoring  those  meteorological  parameters  of  im- 
portance in  urban  air  pollution  is  discussed.  Typical 
system  considerations  include  an  analysis  of  site  charac- 
teristics and  sensor  location.  Examples  of  how  remote- 
sensing  systems  might  be  applied  to  air  pollution  mete- 
orology are  given. 

1.  Introduction 

This  paper  deals  with  the  use  of  ground-based  remote- 
sensing  devices  for  monitoring  urban  meteorological 
parameters;  however,  we  first  consider  the  broader  area 
of  air  pollution  to  define  a  framework  within  which  the 
optimum  remote-sensing  system  must  function.  For  any 
urban  region,  we  can  equate  the  quality  of  the  air  at  a 
given  time  to  a  large  number  of  controlling  factors,  some 
constant  or  only  slowly  changing,  as  listed.  Constant 
controls:  local  and  surrounding  terrain;  type  of  ground 
cover;  climatology;  location  and  type  of  pollution 
sources;  political  boundaries  and  regulations;  demogra- 
phy;  total  effluent;   types  of  effluent. 

The  items  presented  above  must  be  assessed  periodi- 
cally to  determine  if  significant  changes  may  have  altered 
the  general  pattern  over  periods  of  months  or  years. 
There  is  a  second  set  of  controls,  listed  below,  which 
varies  from  day-to-day  and  even  from  hour-to-hour.  In- 
telligent air  quality  control  decisions  can  only  come 
about  through  effective  real-time  monitoring  and  ac- 
curate short-term  prediction  of  these  variables.  Variable 
controls:  time  distribution  of  emissions;  synoptic  wea- 
ther pattern;  mesoscale  flow  pattern;  inversion  topogra- 
phy and  depth;   low  level  stability. 

The  controls  given  in  the  second  list  are  those  where 
sensors,  both  in  situ  and  remote,  are  of  most  importance. 
Two  classes  of  sensors  are  required:  those  designed  to 
observe  and  classify  the  actual  pollutants,  and  those 
used  to  measure  the  geophysical  parameters  that  control 
the  distribution  of  pollutants  regardless  of  the  type  of 
effluent.  Devices  that  only  sense  pollutants  will  not  be 
dealt  with  here,  although  it  should  be  noted  that  such 
instruments  could  be  used  as  detectors  of  meteorological 
variables  simply  by  employing  the  identifiable  pollutants 
as  tracers. 
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2.  Air  pollution  meteorology 

Most  pollution-forecasting  techniques  are  based  on,  and 
limited  by,  the  available  observations.  These  data  typi- 
cally consist  of  twice  daily  radiosonde  profiles  of  the 
temperature,  humidity,  and  wind.  In  addition,  hourly 
observations  of  such  surface  parameters  as  pressure,  wind, 
temperature,  humidity,  visibility,  and  cloud  cover  are 
available.  Historically,  these  observations  have  been 
made  in  support  of  aviation  and  quite  naturally  are 
taken  at  or  near  an  airport.  As  such,  they  may  be  totally 
unrepresentative  of  the  urban  region,  perhaps  several 
miles  away.  They  have  served  well  as  input  to  forecasts 
of  synoptic-scale  motions,  the  primary  need  of  aviation, 
but  are  not  adequate  for  mesoscale  urban  forecasts. 

Two  meteorological  parameters  are  of  primary  im- 
portance in  controlling  the  level  of  pollution  in  a  city. 
For  a  given  set  of  constant  controls,  the  level  of  pollu- 
tion will  depend  on  the  vertical  variation  of  temperature 
and  the  direction  and  strength  of  the  low  level  winds 
(Neiburger,  1969).  Present  observations  usually  provide 
this  type  of  information  at  only  a  single  location  and 
only  twice  per  day. 

The  optimum  rate  for  obtaining  the  mesoscale  mete- 
orological data  is  in  part  dependent  on  the  particular 
parameter  being  measured  and  how  it  is  to  be  used.  In 
general,  the  data  rate  should  not  be  so  great  as  to  clog 
the  system  with  unnecessary  detail,  but  should  be  rapid 
enough  to  depict  significant  changes  taking  place  within 
the  urban  complex.  For  example,  such  changes  as  the 
shift  from  land  to  sea  breeze,  the  onset  or  cessation  of 
drainage  winds,  and  the  time  of  an  inversion  breakup 
are  important  for  monitoring  and  predicting  where, 
and  how  severe,  pollution  conditions  will  be.  This  time 
frame  would  require  observations  on  the  order  of  once 
every  10  to  20  min.  The  optimum  density  of  observing 
points  again  depends  on  the  phenomena  to  be  observed 
and  local  terrain  peculiarities  which  might  alter  or 
modify  the  urban   flow   pattern. 

In  considering  remote  sensors,  the  criterion  for  both 
time  and  spatial  scales  must  be  viewed  in  a  new  light. 
An  advantage  of  many  remote-$ensing  devices  is  their 
ability  to  rapidly  scan  large  regions  in  three  dimensions. 
Others  can  provide  line  integrals  of  certain  parameters, 
giving  spatially-averaged  values  that  may  be  nearer  to 
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the  desired  measurement  than  a  time  average  from  a 
single  sensor.  This  difference  in  the  output  of  remote 
sensors  must  be  a  primary  concern  in  the  design  of  a 
system  for  monitoring  the  urban  environment  and 
should  result  in  a  concept  other  than  the  commonly 
proposed  grid  of  sensors. 

Until  now  it  has  been  assumed  that  the  classical  fore- 
casting techniques  employing  only  the  temperature  and 
wind  field  would  be  used  to  make  urban  mesoscale  fore- 
casts. While  remote-sensing  devices  have  demonstrated 
the  ability  to  measure  basic  parameters  (temperature  and 
wind),  it  should  be  noted  that  other,  perhaps  more  valu- 
able, information  is  contained  in  the  first-order  output 
of  the  sensor.  For  example,  one  of  the  more  common 
products  of  a  remote  sensor  is  a  range-dependent  re- 
turned signal  intensity  or  frequency,  which  is  used  to 
derive  temperature  or  wind  speed.  It  is  conceivable  that 
the  required  information  for  providing  a  forecast  of 
future  pollution  concentrations  is  contained  in  the 
more  rudimentary  sensor  output,  and  its  conversion  to 
classical  meteorological  variables  is  not  always  needed. 
Careful  planning  and  close  cooperation  between  de- 
veloper and  user  will  be  required  to  use  these  potential 
resources.  It  is  equally  clear  that  remote  sensor  develop- 
ment should  include  research  into  new  ways  in  which 
the  remote  sensor  data  can  be  used.  This  means  going 
beyond  mere  speculation  concerning  their  potential 
and  actually  developing  and  testing  new  forecasting 
techniques. 

3.  Methods  of  remote  sensing 

Recent  publications  (Derr  and  Little,  1970;  Little,  1972, 
1973;  Derr,  1972)  have  dealt  with  the  status  of  ground- 
based  remote  sensing.  We  shall  borrow  from  these  re- 
ports, which  detail  the  many  advantages  of  remote  sens- 
ing, updating  where  necessary  to  give  a  brief  overview 
of  the  field. 

It  is  valid  to  ask  why  remote  sensing  should  be  used 
in  place  of,  or  in  support  of,  conventional  in  situ  sensors. 
Cost  of  a  particular  remote-sensing  instrument  can  be 
high,  especially  when  compared  with  a  single  in  situ 
device.  However,  a  more  realistic  analysis  would  com- 
pare the  cost  of  the  total  number  of  in  situ  sensors  with 
the  cost  of  a  remote  sensor  that  would  be  required  to 
meet  the  measurement  objectives. 

Assessment  of  the  capability  of  various  remote-sensing 
devices  is  complicated  by  the  wide  range  of  possible  mea- 
surements. The  in  situ  sensor  is  capable  of,  at  best,  a  one 
dimensional  measurement  (recognizing  that  the  atmo- 
sphere advects  the  measured  variable  past  the  sensor) 
while  remote  sensors  have  the  powerful  capability  of 
multidimensional  observations.  This  point  is  treated  by 
Little  (1972)  in  his  listing  of  the  range  of  measurements 
that  are  possible,  going  from  a  simple  line  integral 
to  the  determination  of  flux. 

Becaute  our  primary  objective  in  this  discussion  is  to 
relate  ground-based  remote-sensing  instruments  to  prob- 
lems of  air  pollution  meteorology,  it  would  be  inefficient 


for  us  to  go  into  a  detailed  discussion  of  all  types  of 
ground-based  remote-sensing  devices.  Rather,  we  shall 
select  instruments  that  appear  to  have  the  proper 
characteristics  based  on  our  understanding  of  what  is 
needed  for  the  urban  or  mesoscale  forecasting/moni- 
toring problem. 

4.  Sensors  of  temperature  profiles  or  static  stability 

a.  Micrawave  radiometry 

Passive,  ground-based  radiometers  can  measure  thermal 
emission  of  the  atmosphere  by  operating  in  any  fre- 
quency band  where  gaseous  constituents  are  strongly 
absorbing.  An  example  is  the  operation  of  microwave 
radiometers  in  the  50-60  GHz  oxygen  band.  The  ability 
of  such  radiometers  to  measure  quite  accurately  the 
temperature  profile  to  heights  of  several  kilometers  has 
been  shown  (Westwater,  1972).  They  can  also  be  used 
to  determine  the  mixing-layer  depth,  discussed  later 
(Anway,  1970). 

Sophisticated  data  processing,  involving  inversion  of 
the  radiative  transfer  equation,  is  required  to  determine 
profiles  up  to  and  through  ground-based  inversions.  Ele- 
vated temperature  inversions  are,  however,  usually 
smoothed  over  and  not  clearly  defined.  In  addition,  the 
presence  of  clouds  in  the  field  of  view  can  create  errors 
in  the  temperature  profiles. 

b.  Laser  temperature  measurements 

By  measuring  the  ground  level  atmospheric  pressure  at 
a  laser  site  and  assuming  that  the  hydrostatic  equation 
can  be  used  to  predict  pressure  at  greater  heights,  it  has 
been  shown  that  atmospheric  temperature  profiles  can 
be  directly  obtained  from  the  Raman  backscatter  from 
nitrogen  (Strauch  el  al.,  1971).  Another  Raman  method 
senses  temperature  by  measuring  the  population  of  ex- 
cited molecular  states  (Cooney,  1972). 

A  second  possibility  of  temperature  probing  with 
lasers,  using  the  distribution  in  the  backscattered  on-fre- 
quency  spectrum  of  laser  light,  has  been  demonstrated 
by  Fiocco  et  al.  (1971). 

c.  Acoustic   echo  sounding 

One  of  the  newer  remote-sensing  techniques,  acoustic 
echo  sounding,  relies  on  the  scatter  of  sound  from 
naturally  occurring  temperature  and  wind  fluctuations 
in  the  atmosphere.  Scattered  sound  is  received  at  the 
antenna  and  a  time-height  history  of  the  regions  of 
strong  temperature  fluctuations  that  are  advected  over 
the  sounder  can  be  recorded  as  shown  in  Fig.  1.  The 
enhanced  acoustic  scattering  associated  with  temperature 
inversions  is  evident  where  the  record  is  dark.  During 
unstable  periods,  the  record  also  shows  dark  areas,  or 
regions  of  strong  temperature  fluctuation,  which  de- 
lineate the  rising  air  in  thermal  plumes  (right  side  of 
Fig.  1).  This  type  of  information  cannot  be  used  to 
give  an  absolute  temperature  measurement.  It  can,  how- 
ever, be  used  to  infer  the  stability  of  the  boundary  layer. 
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Local  Daylight  Time,   13  August   1971 


Fie.   1.  Acoustic  echo  sounder  record  showing  a  rising  temperature  inversion  with  convective  activity  below.  The  inversion  has 
dissipated  after  11:15  local  time  and  the  pattern  is  dominated  by  typical  returns  from  thermal  plumes. 


Echoes  from  horizontally  stratified  layers,  usually  con- 
taining evidence  of  organized  wave  structure,  indicate  a 
stable  lapse  rate.  Neutral  lapse  conditions  or  regions 
where  laminar  flow  exists  will  usually  not  produce  a 
return  and  the  record  will  be  white.  Vertically-oriented 
dark  regions,  associated  with  convective-thermal  plume 
activity,  indicate  unstable  lapse  conditions.  A  direct 
comparison  between  the  acoustic  sounder  record  of  an 
inversion  and  a  radiosonde  temperature  profile  is  shown 
in  Fig.  2. 

Attenuation    of   sound   energy    in    the    atmosphere    is 
known  to  be  a  function  of  temperature,  humidity,  pres- 
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Fie.  2.  Comparison  of  radiosonde  temperature  profile  (right) 
with  an  inversion  layer  shown  on  an  acoustic  echo  sounder 
record.  The  speed  (m  s_1)  and  direction  of  the  winds  mea- 
sured by  the  radiosonde  are  shown  by  the  small  arrows 
(north  is  up). 


sure,  and  scattering  caused  by  turbulence.  It  is  con- 
ceptually feasible  to  use  the  measured  absorption  of 
energy  to  derive  both  temperature  and  humidity  pro- 
files (Gething  and  Jenssen,  1971).  However,  such  tech- 
niques are  still  in  the  very  early  experimental  stages 
and  it  will  be  several  years  before  feasibility  is  dem- 
onstrated, and  then  more  time  before  operational 
application. 

d.  RASS 

The  Radio  Acoustic  Sounding  System  (RASS)  (North 
et  al.,  1973)  is  a  hybrid  device  which  uses  an  acoustic 
transducer  to  send  a  burst  of  sound  upward  into  the 
atmosphere  and  a  Doppler  radar  to  track  the  sound 
wave  and  determine  its  propagation  speed.  Because  the 
speed  of  sound  is  a  function  of  the  ambient  tempera- 
ture, the  Doppler  information  can  be  used  to  derive 
a  temperature  profile.  Recent  experiments  have  demon- 
strated the  feasibility  of  this  technique  for  measuring 
temperature  profiles  to  heights  of  up  to  3  km.  Errors 
caused  by  vertical  velocities  in  the  atmosphere  can  be 
eliminated  by  averaging  the  returned  signal  for  periods 
of  several  minutes,  a  time  scale  commensurate  with  the 
needs  of  urban  meteorology. 

5.  Wind  sensing 

a.  Wind  measurements  with  lasers 

Laser  backscattering  techniques  using  crossed  or  conically 
scanned  beams  are  one  proposed  method  of  measuring 
winds  (Derr  and  Little,  1970);  however,  to  date  there 
has  been  no  routine  application  of  this  type  of  system. 
Another  method  for  laser  measurement  of  winds  em- 
ploys the  Doppler  shift  of  the  backscattered  light  (Huf- 
faker  et  al,  1970,  1971).  Because  of  rapid  degradation  of 
coherence  in  the  propagated  laser  beam  through  a  turbu- 
lent atmosphere,  it  is  advantageous  to  use  as  long  a 
wavelength  as  possible,  and  most  schemes  now  propose 
to  use  10.6  Mm  C02  laser  radiation.  Demonstrated  ranges 
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of  several  hundred  meters  indicate  the  technique  may 
have  application  in  air  pollution  meteorology.  A  Dop- 
pler  wind  measurement  that  does  not  require  a  local 
oscillator  reference  has  also  been  described  (Farmer  and 
Brayton,  1971). 

b.  Radar 

Pulsed  Doppler  radars  have  demonstrated  their  ability 
to  measure  wind  fields  whenever  hydrometeor  targets  are 
present  (Miller,  1972).  The  pulsed  Doppler  method  has 
also  been  used  with  artificial  targets  (chaff)  to  produce 
excellent  wind  measurements.  The  lack  of  natural  tar- 
gets limits  this  method  in  air  pollution  meteorology,  and 
it  may  be  most  useful  for  cloud  and  precipitation 
measurements. 

c.  Acoustic 

Vertical  wind  can  be  measured  with  the  single  axis 
monostatic  system  described  earlier.  The  Doppler  shift 
of  the  returned  signal  is  related  to  the  vertical  velocity 
of  the  scattering  volume,  which  is  the  vertical  component 
of  the  wind  (Beran  el  al.,  1971b).  By  tilting  the  single 
monostatic  antenna,  a  component  of  the  horizontal  wind 
can  also  be  measured.  A  weakness  in  making  wind  mea- 
surements with  a  monostatic  system  is  that  the  return 
signals  are  not  always  continuous;  the  lack  of  signal 
where  neutral  lapse  conditions  exist  results  in  an  inter- 
mittent sampling  of  the  wind. 


Fie.  3.  A  multiple  transmitter  acoustic  antenna  configura 
tion    used    to    measure    a    vertical    profile    of    the    horizontal 
wind.  Transmitters  at  A,  A'  and  A"  produce  sound  which  is 
scattered  to  receivers  at  B  and  C. 


The  use  of  a  bistatic  system,  where  the  transmitter  and 
receiver  are  separated  helps  to  solve  this  problem.  Scatter 
from  both  wind  and  temperature  fluctuations  can  be 
received  in  the  bistatic  mode,  and  the  returns  from 
wind  fluctuations  tend  to  fill  in  the  gaps  where  the 
temperature  fluctuations  are  weak.  Bistatic  configura- 
tions like  that  shown  in  Fig.  3  have  been  used  to  mea- 
sure the  vertical  profile  of  the  horizontal  wind  up  to 
heights  of  several  hundred  meters  (Beran  and  Clifford, 
1972;  Beran  et  al.,  1974).  Antennas  at  A,  A',  and  A"  in 
Fig.  3  transmit  sound  pulses  which  are  scattered  and 
received  at  points  B  and  C.  The  Doppler  shift  is  then 
related  to  the  wind  along  the  vertical  profile. 

Another  method  of  wind  sensing  with  an  acoustic 
sounder  is  to  employ  the  angle  of  arrival  of  the  returns 
from  a  vertically  pointed  monostatic  system  (Mahoney 
et  al.,  1973).  This  is  a  relatively  simple  method  of  find- 
ing the  line  average  of  the  wind  to  heights  of  several 
hundred  meters;  however,  it  also  suffers  from  a  lack 
of  continuous  signal  under  some  types  of  thermal 
structures. 

6.  Measuring  the  depth  of  mixed  layers 

a.  Laser  measurements 

Most  atmospheric  aerosols  originate  from  natural  sources 
or  human  activities  on  the  surface  of  the  planet.  Thus 
turbidity,  especially  in  polluted  regions,  is  usually 
greater  within  the  first  kilometer  or  so  of  the  atmo- 
sphere where  mixing  is  strong.  The  ability  of  the  laser  to 
monitor  the  depth  of  these  mixed  layers  through  back- 
scattered  laser  light  measurements  has  already  been 
noted,  and  the  actual  utility  of  a  pulsed  laser  system 
for  studying  the  nature  of  polluted  air  has  been  docu- 
mented (Barrett  and  Ben-Dov,  1967;  Fernald  et  al.,  1972). 
Increase  in  the  mixed  depth  above  a  laser  station 
can  be  effectively  studied  by  displaying  side-by-side  a 
number  of  laser  backscatter  returns,  documenting  the 
intensity  of  the  return  by  brightness  modulation  of  a 
cathode  ray  tube  (Collis  and  Uthe,  1972).  This  technique 
was  used  during  an  air  pollution  study  in  St.  Louis  to 
provide  continuous  information  on  the  depth  of  the 
mixed  layer  (Uthe,  1972).  The  mixed  depth  has  also 
been  measured  by  a  lidar  in  an  experiment  in  Oregon 
(McCormick  et  al.,  1972). 

I).  Acoustic  echo  sounder 

The  depth  of  the  mixed  layer  (see  Fig.  1)  is  one  of 
the  most  easily  obtained  outputs  from  a  monostatic 
echo  sounder.  Experiments  in  the  urban  environment 
have  shown  that  the  inversion  that  caps  the  mixed 
layer  can  be  continuously  monitored  on  a  real  time 
basis  and  displayed  on  a  simple  facsimile  recorder 
(Beran  et  al.,  1971a;  Wyckoff  et  al..  1973). 

An  advantage  of  using  the  acoustic  system  for  this  type 
of  measurement  is  that  it  does  not  rely  on  the  pres- 
ence of  artificial  tracers,  but  uses  the  naturally-occurring 
temperature    fluctuations  associated   with    the    inversion 
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surface.  This  can  provide  a  marked  advantage  over 
laser  systems  which  require  the  buildup  of  aerosols 
before  the  mixed  layer  can  be  observed. 

c.  FM/CW  radar 

The  marine  inversion  layer,  as  well  as  layers  associated 
with  continental  radiation  inversions,  have  been  detected 
with  FM/CW  radars  (Gossard  and  Richter,  1970;  Bean 
el  ah,  1973).  The  refractive  index  change  that  produces 
the  signal  returned  to  an  FM/CW  radar  is  probably 
more  strongly  a  function  of  humidity  than  temperature. 
This  system  shows  a  great  deal  of  potential  as  a  monitor 
of  the  capping  inversion  associated  with  air  pollution 
because  of  the  humidity  gradients  usually  associated  with 
such  structure. 

7.  Areal  probing 

The  ability  of  certain  remote  sensors  to  provide  more 
than  measurements  along  a  given  line-of-sight  by  scan- 
ning a  considerable  area  around  the  station  within  de- 
fined horizontal  ranges  and  altitudes  adds  greatly  to 
the  utility  of  the  measurements.  Operation  in  this 
manner  is  highly  dependent  upon  angular  resolution 
capabilities  of  the  remote-sensing  device  and  its  pro- 
vision for  a  high  rejection  of  unwanted  returns  in  direc- 
tions removed  from  the  narrow  probing  main  beam 
of  waves. 

a.  Laser  methods 

Because  of  the  high  electromagnetic  frequencies  and  the 
inherently  coherent  wavefronts  used  for  laser  probes, 
high  angular  resolution  and  good  rejection  in  other  di- 
rections is  possible.  A  laser  beam  can  be  used  to  illumi- 
nate a  narrow  column  of  aerosols  which  backscatter  to 
the  aligned  receiver.  With  available  lasers,  returns  from 
distances  of  10  or  20  km  may  be  obtained.  Thus,  the 
horizontal  stratification  in  real  time  may  be  monitored 
(Hall  and  Ageno,  1970).  Until  eye-safe  lasers  or  reliable 
safety  precautions  can  be  developed,  rapid  scanning  of 
laser  beams  through  columns  of  space  over  cities 
cannot    be    undertaken. 


b.  Radar  probing 

Powerful  radars  with  large  antennas  (20  m  aperture)  are 
able  to  monitor  the  depth  of  the  mixed  layer  and  detect 
convection  patterns  over  ranges  of  10-20  km  (Battan, 
1973).  When  operated  in  the  range-height  indicator 
(RHI)  mode,  the  spatial  picture  of  the  mixed  layer 
and  convective  structure  can  be  obtained  along  a  verti- 
cal plane.  Use  of  the  plan  position  indicator  (PPI)  mode 
graphically  shows  regions  where  convective  structures 
mix  through  elevated  inversions.  Because  of  the  large 
size  and  cost  of  such  radar  installations,  none  has  yet 
been  used  to  monitor  mixed  layers  in  regions  subject  to 
air  pollution  problems. 

c.  Transverse  wind  sensing  with  lasers 

Temperature  variations  in  the  atmosphere,  which  give 
rise  to  acoustic  backscatter,  also  lead  to  variations  in  the 
optical  index  of  refraction.  These  variations  influence 
the  propagation  of  laser  beams,  and  are  responsible  for 
the  familiar  twinkling  of  stars.  Because  such  temperature 
variations  in  the  atmospheric  structure  have  a  finite  life- 
time, the  irradiance  measured  from  a  transmitted  laser 
beam  with  two  closely  spaced  apertures  will  show  a 
correlation  in  the  irradiance  when  the  signals  are  time 
lagged  an  appropriate  amount.  This  time  lag  is  a  func- 
tion of  the  wind,  which  advects  the  temperature  struc- 
ture across  the  two  adjacent  paths  from  the  laser  to  the 
two  spaced  apertures.  Such  a  technique  has  been  used 
(Lawrence  et  dl.,  1972)  to  measure  the  average  wind 
normal  to  a  15  km  path.  Real-time  readout  of  the  trans- 
verse wind  is  possible  through  use  of  a  signal  correlation 
computer.  Measurements  along  an  instrumented  1  km 
path  have  shown  excellent  agreement  between  spaced, 
averaged  propeller-anemometer  readings  and  the  laser- 
derived  wind.  This  averaged  line  integral  of  the  trans- 
verse wind  could  provide  information  on  the  drainage 
across  an  entire  valley,  or  with  several  laser  paths, 
the  wind  flowing  into  and  out  of  a  city. 

In  summary,  all  of  the  important  meteorological  vari- 
ables associated  with  urban  meteorology  can  be  remotely 
sensed  by  any  of  several  different  techniques.  Table  1  is 


Table  1.  Rating  of  various  techniques  for  sensing  temperature,  wind,  and  mixing  depth. 


Parameter 

\Category 
Sensor\ 

StaKe  of 
development 

Fotential  for 
all  weather 
operation 

Traeer 
availability 

Spatial  resolution 

Time 
resolution 

Accuracy 

Accept- 
ability 

Temperature  or 
stability 

Acoustic 

Laser 

Microwave 

radiometer 
RASS 

Near  prototype 
Experimental 

Prototype 
Experimental 

Medium 
Medium 

High 
Medium 

High 
Medium 

High 

Medium 
High 

Low  to  medium 
Medium 

Medium 
Medium 

Medium 
Medium 

Low 
Medium 

Medium 
Medium 

High 
Medium 

High 
High 

Wind 

Acoustic 

Laser 

Radar 

Near  prototype 

Experimental 

Prototype 

Medium 
Medium 
Low 

High 

Medium 

Low 

Medium 

High 

High 

Medium 

High 

High 

Medium 

High 

High 

High 

Medium 

High 

Mixing  layer 
depth 

Acoustic 

Laser 

Radar  FM/CW 

Near  prototype 
Near  prototype 
Experimental 

Medium 
Medium 
High 

High 

Medium 

Medium 

High 
High 
High 

High  ' 

High 

High 

High 
High 
High 

High 

Medium 
High 
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a  rating  of  the  various  techniques  for  sensing  tempera- 
ture, wind,  and  mixing  depth.  Each  sensor  or  technique 
listed  in  the  second  column  is  rated  in  categories  as 
follows: 

The  first  category,  "stage  of  development,"  indicates 
when  the  device  might  be  ready  for  operational  use. 
"Prototype":  the  system  is  ready  for  integration  into  a 
larger  network;  "near  prototype":  the  system  would  be 
ready  within  a  year;  "experimental":  feasibility  of  the 
system  has  been  demonstrated  but  significant  engineering 
problems  remain  before  it  is  ready  for  use. 

A  second  category,  "potential  for  all  weather  opera- 
tion," considers  such  factors  as  the  possible  degradation 
of  laser  signal  during  heavy  cloud  or  fog  and  the  effect 
of  rain  noise  on  the  acoustic  system.  In  judging  a  system 
in  this  and  in  other  categories,  we  must  keep  in  mind 
the  final  objective  of  sensing  the  parameter  for  use  in  air 
pollution-related  meteorology.  For  example,  the  inabil- 
ity of  the  laser  or  microwave  radiometer  to  penetrate 
thick  clouds  may  not  be  a  significant  deterrent  to  its  use 
for  monitoring  pollution-related  phenomena. 

"Tracer  availability,"  the  third  category,  is  a  rating 
of  how  often  a  sensor  will  be  able  to  operate.  This  is 
important  if  the  sensor  is  being  considered  for  con- 
tinual operation,  and  a  low  rating  here  indicates  that 
the  device  is  probably  not  acceptable  for  an  urban  air 
pollution  application.  Acceptable  tracers  are  either 
natural  or  the  result  of  inadvertent  air  pollution. 

The  categories  of  "spatial  resolution"  and  "time  reso- 
lution" give  an  indication  of  how  detailed  the  measure- 
ments by  each  sensor  might  be.  Spatial  resolution  is,  in 
most  cases,  determined  by  antenna  beamwidths  and 
pulse  lengths.  Time  resolution  refers  to  the  averaging 
times  required  to  produce  acceptable  measurements. 
Small-scale  turbulence  measurement  is  not  anticipated 
and  readout  of  data  is  required  on  the  order  of  every 
15  to  20  min  for  an  urban  sensor  network. 

"Accuracy,"  the  next  to  last  category,  is  a  function  of 
the  mode  in  which  a  system  is  operated.  In  addition, 
many  of  the  instruments  have  undergone  only  limited 
testing  and  comparison  with  standard  in  situ  measure- 
ments, and  accuracy  estimates  are  based  on  the  theo- 
retical potential  rather  than  actual  calibration.  As  in 
the  previous  category,  it  is  felt  that  all  of  the  instru- 
ments listed  can  achieve  accuracies  suitable  for  the  task 
considered  here. 

The  final  category,  "acceptability,"  refers  to  the  po- 
tential nuisance  or  danger  from  a  particular  device. 
In  other  words,  will  it  be  acceptable  for  use  in  the  urban 
environment?  An  example  of  a  potential  problem  in  this 
category  would  be  potential  eye  damage  from  lasers. 

8.  Remote  sensing  systems 

Up  to  this  point  we  have  discussed  the  urban  mete- 
orological problem  and  data  requirements,  along  with  a 
brief  overview  of  the  various  remote-sensing  devices 
which  could  conceivably  make  the  measurements.  It  is 
obvious    that    some    parameters    can    be    measured    by 
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Fig.  4.  A  hypothetical  city  made  up  of  features  that  are 
common  to  most  urban  regions. 


several  techniques.  What  is  not  obvious  is  which  of 
these  sensors  or  collection  of  sensors  would  be  optimum 
for  the  specific  problem  of  improving  our  data-gathering 
methods  in  the  urban  environment.  This  section  is  de- 
voted to  an  assessment  of  the  requirements  for  a 
measurement  system  and  an  attempt  is  made  to  provide 
guidance  in  selecting  the  optimum  set  of  sensors  for 
a  city. 

Every  urban  region  is  a  unique  entity  and  the  correct 
location  and  sensor  distribution  for  one  city  may  be 
totally  unacceptable  for  another.  Certain  features  are, 
however,  common  to  all  and  can  be  used  to  generate  a 
hypothetical  city.  This  city  then  serves  as  a  model  to 
demonstrate  the  placement  of  sensors  for  air  pollution 
monitoring.  All  urban  regions  encompass  a  given  area. 
This  basic  area  will  vary  in  size,  shape,  and  population 
density,  so  for  a  general  case,  we  shall  assume  that  the 
area  is  simply  a  circle  of  unit  size.  Figure  4  shows  the 
hypothetical  model  of  a  city  made  up  of  several  basic 
features. 

Cities  usually  contain  industrial  regions  which  are  a 
major  source  of  pollution  and  as  such  need  to  be 
delineated  in  our  model.  Again,  for  the  sake  of  simplicity 
we  shall  designate  the  industrial  region  of  an  urban 
complex  as  a  circle,  contained  within  the  larger  "area" 
circle. 

In  addition  to  a  concentrated  pollution  source  region, 
such  as  an  industrial  complex,  all  cities  contain  line 
sources,  usually  in  the  form  of  major  arterial  highways. 
For  our  hypothetical  city  we  shall  show  these  simply  as 
crossing  diagonal  lines. 

Terrain  features  are  another  important  influence  on 
urban    meteorology,    many    times   controlling   the    local 
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flow  which  advects  or  concentrates  effluent  in  a  given 
region.  For  example,  a  river  valley  is  a  natural  place 
for  cold  air  drainage,  while  a  coast  line  produces  local 
land  and  sea  breeze  circulation,  alternately  cleansing  a 
region  and  concentrating  pollution  at  the  sea  breeze 
front.  Without  specifying  the  type,  we  shall  include  a 
terrain  feature  in  our  model  as  a  cross-hatched  band. 

In  the  first  section  of  this  paper,  climate  was  men- 
tioned as  an  important  influence  on  urban  air  pollution. 
It  is  difficult  to  build  this  feature  into  a  general  model, 
because  of  the  wide  range  of  climatic  zones  covered  by 
the  cities  of  the  world.  We  can  say,  however,  that  all 
cities  will  have  some  prevailing  wind  direction  and  pro- 
vide for  this  in  our  model. 

Most  urban  regions  can  be  reduced  to  a  similar  basic 
model  by  changing  the  shape  and  distribution  of  fea- 
tures in  the  model.  Recalling  that  the  primary  mete- 
orological parameters  are  the  temperature  profile  (or 
some  indication  of  the  ambient  stability)  and  the  wind 
field  within  the  boundary  layer,  we  can  now  proceed 
with  the  instrumentation  of  our  city.  For  temperature 
we  can  assume  that  conditions  will  be  reasonably  homo- 
geneous over  the  urban  area,  but  will  differ  over  the 
surrounding  region  away  from  the  urban  heat  island. 
Temperature  profiles  should  be  measured  in  each  of 
these  areas.  Sensors  for  both  regions  should  have  a 
range  capability  that  insures  collection  of  information 
throughout  the  depth  of  the  boundary  layer. 

Measurement  of  the  wind  field  over  the  urban  area 
is  a  more  difficult  problem.  In  addition  to  a  vertical 
profile  of  the  wind,  we  would  like  to  monitor  the  tra- 
jectories of  polluted  air  parcels,  which  implies  the  need 
for  either  several  sensors  at  strategic  locations,  or  the 
need  for  a  single  scanning  sensor  to  map  winds  over  a 
large  area. 

Based  on  experimental  work  to  date,  it  is  clear  that 
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Fic.  5.  Proposed  network  of  acoustic  sensors  placed  in 
the  hypothetical  city  of  Fig.  4. 


the  urban  measurement  system  could  be  made  up  en- 
tirely of  either  acoustic  or  laser  devices.  As  a  starting 
point,  we  shall  consider  how  each  of  these  families  of 
remote  sensors  might  be  applied. 

Looking  first  at  acoustic  devices,  one  can  envision 
the  core  of  a  system  being  an  acoustic  sounder  with  full 
Doppler  capabilities  situated  near  the  center  of  the  city 
(see  Fig.  5).  This  central  system  can  also  be  operated 
in  a  monostatic  mode  providing  the  information  on  mix- 
ing depth  and  an  indication  of  low  level  stability. 
The  acoustic  Doppler  system  can  provide  only  a  verti- 
cal profile  of  the  horizontal  wind.  In  order  to  determine 
the  trajectories  of  air  parcels  it  would  be  necessary 
to  establish  several  satellite  stations  around  the  city  to 
sense  the  horizontal  variations  in  the  wind  field.  Here 
it  is  important  to  consider  the  orientation  and  type  of 
terrain  features  and  the  city  size  before  locating  the 
satellite  sensors.  While  the  main  core  system  should 
have  a  full  wind-profiling  capability  employing  gating 
and  measurement  of  at  least  two  components  of  the  hori- 
zontal wind,  some  of  the  satellite  systems  (for  example, 
those  along  a  river  valley  where  only  one  component  of 
the  wind  is  needed)  could  conceivably  be  of  a  simpler 
design.  An  acoustic  Doppler  system  which  measures  only 
the  average  wind  from  the  ground  to  the  capping  in- 
version could  provide  information  necessary  for  deter- 
mining gross  trajectories  of  parcels  along  or  near  a 
particular  terrain  feature.  The  depth  of  the  mixing  layer 
outside  our  urban  area  could  be  monitored  by  a  simple 
monostatic   system    upwind   of   the   city. 

The  pure  acoustic  system  would  not  provide  a  direct 
indication  of  the  temperature  profile.  To  do  this,  it 
would  require  the  introduction  of  a  RASS  in  place  of 
the  monostatic  sounder  located  outside  of  the  city  and 
possibly  a  second  RASS  near  the  central  acoustic  Dop- 
pler system.  The  need  for  measuring  the  absolute  tem- 
perature profile  must  remain  an  open  question  now.  If 
this  profile  is  used  only  to  derive  the  stability  of  the 
lower  atmosphere,  one  must  ask  if  there  are  more  direct 
methods  which  do  not  rely  on  obtaining  the  absolute 
temperature,  but  still  provide  the  required  stability  in- 
formation. For  example,  the  variance  of  the  wind  is  cor- 
related with  stability,  and  the  monostatic  echo  sounder 
record  provides  a  qualitative  indication  of  the  stability. 
Because  both  the  vertical  wind  profile  and  a  record  of 
the  lower  atmospheric  structure  can  be  obtained  from 
an  acoustic  Doppler  system,  a  derived  stability  conceiv- 
ably could  be  obtained  that  might  eliminate  the  need 
for  more  elaborate  temperature  profiling  techniques 
(Baynton,  1968). 

Turning  now  to  an  urban  remote-sensing  system  based 
entirely  on  the  family  of  laser  sensors,  we  see  some  in- 
teresting differences.  The  ability  of  the  laser  to  scan 
through  a  volume  and  to  sense  the  line  integral  of  a 
parameter  can  be  applied  in  a  variety  of  ways.  For  ex- 
ample, by  locating  a  pulsed  laser  at  some  elevated  point 
within  the  urban  complex  and  scanning  the  beam  (see 
Fig.  6)  in  a  circular  fashion,  a  complete  plan  position  in- 
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Fig.  6.  Proposed  network  of  laser  type  sensors  placed  in 
the  hypothetical  city  of  Fig.  4. 


dication  of  the  effluent  over  the  city  could  be  produced. 
It  is  conceivable  that  a  time  sequence  of  identifiable 
features  in  this  type  of  information  could  then  be  used 
to  produce  a  trajectory  analysis  of  the  air  over  the 
urban  region.  The  addition  of  a  second  laser  at  another 
location  and  the  use  of  both  lasers  in  a  Doppler  mode 
would  make  it  possible  to  measure  directly  the  wind  field 
in  the  plane  common  to  both  beams.  The  temperature 
profile  in  the  all-laser  system  could  be  obtained  by 
either  the  Raman  scatter  technique  or  from  the  Doppler 
broadened  widths  of  the  backscattered  spectrum  of 
laser  light.  As  in  the  acoustic  system  these  devices  should 
be  located  both  within  the  urban  area  and  in  the  sur- 
rounding area  to  measure  the  effect  of  the  urban  heat 
island.  A  possible  weakness  here  would  be  the  system 
located  outside  an  urban  complex  where  non-existence 
of  tracers  in  the  much  cleaner  air  may  hinder  the  opera- 
tion of  the  longer  wavelength  Doppler  laser  system. 
The  depth  of  the  mixed  layer  could  also  be  observed  by 
vertically-pointed  laser  systems  within  the  urban  area; 
again  the  lack  of  tracers  outside  of  the  region  could 
degrade  the  performance  of  a  laser. 

The  ability  of  line-of-sight  laser  systems  to  measure 
the  average  wind  component  normal  to  the  beam  paths 
could  find  many  unique  applications  within  the  urban 
region.  For  example,  if  the  major  terrain  feature  in  a 
city  is  a  river  valley,  it  is  important  to  measure  the  very 
light  drainage  winds  that  transport  pollutants  along 
the  valley.  An  ideal  method  for  monitoring  these  winds 
is  the  line-of-sight  laser.  One  or  more  of  these  systems 
placed  so  they  sense  the  component  of  the  wind  along 
the  valley  floor  would  provide  a  continual  monitor  of 
the  average  transport  of  air  into  or  out  of  a  given 
region.  This  same  type  of  system  could  be  installed  in  a 
ring  around  the  city  with  perhaps  lour  or  five  sets  of 
transmitters  and  receivers  to  measure  the  low-level  con- 
vergence into  the  urban  area.  The  remote-sensing  sys- 
tem based  on  laser  techniques  is  shown  in  Fig.  6. 


In  developing  the  two  "pure"  systems  described  above, 
we  have  omitted  one  potentially  valuable  technique  for 
measuring  temperature  profiles,  the  microwave  radiom- 
eter. The  advanced  stage  of  development  of  this 
technique  and  its  potential  range  of  3  km  or  more  makes 
it  a  highly  competitive  device.  If  the  actual  tem- 
perature profile,  and  not  a  more  direct  indication  of 
stability,  is  required,  then  the  microwave  radiometer 
might  be  considered  as  part  of  the  operational  system. 

To  specify  the  optimum  system  for  a  given  city,  it 
would  be  necessary  to  consider  such  important  factors  as 
the  cost  and  the  stage  of  development  of  each  device. 
Costs  are  difficult  to  assess  and  the  only  comparison  that 
can  be  made  is  between  present  research-oriented  in- 
struments. These  are  by  their  very  nature  more  ex- 
pensive than  standardized  production  models.  In  gen- 
eral, research-oriented  acoustic  devices  are  less  expensive 
to  build  and  operate  than  lidar  (optical  radar)  instru- 
ments. If  these  costs  can  be  projected  to  production 
models,  the  conclusion  must  be  that  an  acoustic  system 
would  be  less  expensive. 

"Stage  of  development"  is  an  equally  difficult  area  in 
which  to  make  predictions  due  to  the  uncertain  nature 
of  research  projects.  Some  devices  are  very  close  to 
the  operational  stage,  and  it  is  safe  to  suggest  that  they 
should  be  considered  first  in  planning  for  the  immediate 
future.  The  microwave  radiometer  is  one  of  the  more 
advanced  instruments,  already  tested  in  the  urban 
region.  Laser  systems  that  are  well  advanced  are  those 
used  to  measure  the  depth  of  the  mixing  layer.  The 
line-of-sight  laser  has  been  used  to  measure  the  average 
wind  component  over  a  15  km  path  in  the  lee  of  a 
mountain  range.  Acoustic  systems  are  also  being  tested 
in  the  urban  environment  under  operational  conditions. 
Single  axis  monostatic  sounders  have  been  used  to 
monitor  the  inversion  layers  in  cities  and  a  full  Doppler 
system  has  been  placed  in  operation  at  an  airport  for 
the  purpose  of  real-time  monitoring  of  the  wind  and 
wind  shear  (Beran,    1974). 

In  summary,  the  optimum  system  for  any  given  city 
must  be  the  product  of  many  considerations.  A  variety 
of  techniques  is  available  for  making  the  required  mea- 
surements and  selection  of  a  system  must  be  based  on 
such  factors  as: 

a)  unique  requirements  imposed  by  terrain  and  demog- 
raphy of  a  particular  city; 

b)  time   available   before   the   system   must   be   opera- 
tional; 

c)  overall  cost  of  the  system;  and 

d)  stage  of  development  of  the  selected  sensors. 

It  is  concluded  that  the  incorporation  of  remote- 
sensing  devices  into  urban-monitoring  systems  has  many 
advantages  over  presently  used  point  sensors.  In  the 
future,  remote  sensing  can  play  an  important  role  in 
aiding  the  prediction,  control,  and  monitoring  of  air 
pollution  in  cities. 
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1. 


INTRODUCTION 


An  acoustic  Doppler  system  was  tested  at 
Denver's  Stapleton  International  Airport  between 
October  1973  and  March  1974.  This  test  represented 
the  culmination  of  the  first  phases  of  a  joint 
FAA/NOAA  effort  to  develop  a  device  capable  of 
detecting  wind  shear  at  airports.  The  Stapleton 
system  was  based  on  designs  and  results  from 
earlier  development  work  (Beran  et  al.,  1971; 
Beran  and  Clifford,  1971;  Beran,  1971)  with  the 
added  sophistication  of  an  on-line  computer  for 
real  time  data  processing  and  output. 

This  paper  gives  a  brief  description  of  the 
equipment  and  experimental  configuration.   For 
more  detail  the  reader  is  referred  to  Beran  (1974). 
Following  the  description,  results  of  the 
Stapleton  experiment  are  presented  along  with 
a  discussion  of  design  changes  necessary  to 
improve  overall  performance. 

2.   EXPERIMENTAL  SYSTEM 

The  experimental  Stapleton  system  was  a 
bistatic  configuration  (see  Fig.  1)  with  one 
main  vertically  pointed  transmitter  at  A,  two 
smaller  tilted  transmitters  located  at  points 
A'  and  A",  and  two  receivers  located  at  points 
B  and  C  along  two  orthogonal  legs  intersecting 
at  the  main  transmitter.   Previous  wind  profiling 
experiments  (Beran  and  Clifford,  1971)  established 
that  the  bistatic  antenna  configuration  (trans- 
mitter and  receiver  separated)  was  superior  to  a 
tilted  monostatic  system  because  of  the  larger 
and  more  consistent  echo  strengths  inherent  with 
the  former.   In  order  to  detect  the  wind  shear  at 
any  level  that  might  be  important  to  an  approach- 
ing aircraft  it  was  first  necessary  to  measure 
a  total  vertical  profile  of  the  horizontal  wind 
and  then  to  calculate  the  shear  across  horizontal 
planes  a  predetermined  distance  apart.   The 
distance  between  these  planes,  30  m,  was  based  on 
the  anticipated  height  resolution  of  the  acoustic 
Doppler  system  and  FAA  requirements.   The  wind 
profiles  were  calculated  by  measuring  the  Doppler 
frequency  shift  of  a  vertically  projected  pulse 
of  sound  which  was  "tracked"  by  receiving  antennas 
B  and  C  through  the  volume  common  to  both  trans- 
mitter and  receiver  beams  (see  Fig.  1).   Propaga- 
tion time  delay  was  used  to  calculate  the  height 
and  the  corresponding  scatter  angle  of  the  echoes. 
These  parameters  and  the  instantaneous  Doppler 
shift  were  used  to  calculate  the  horizontal  wind 
speeds  along  each  leg.   This  wind  information  was 
then  resolved  into  a  table  of  wind  vectors  vs 


height  (the  wind  profile).   The  secondary  trans- 
mitters, at  points  A'  and  A"  were  added  to  cover 
the  levels  below  200  m  which  were  outside  the  volume 
common  to  the  main  transmitter  and  the  two  receivers. 


700' 


Fig.  1. 


Multi-transmitter  bistatic  antenna 
configuration 


The  functional  components  of  the  system  are 
shown  in  the  block  diagram  (Fig.  2)  which  is 
divided  into  four  subsystems.  The  antenna  sub- 
system includes  the  transmitting  and  receiving 
transducers,  focusing  reflectors,  support  struc- 
tures, acoustic  shielding,  enclosures,  receiving 
preamplifiers,  and  transmission  lines.  The 
receiver  antennas  were  placed  in  underground 
bunkers  similar  to  that  shown  in  Fig.  3  in  order 
to  reduce  the  effects  of  ambient  noise  in  the 
side  lobes.   The  transmitting  antennas  were  less 
carefully  shielded  as  there  were  no  people  near 
enough  to  be  disturbed  by  the  sound.   The  main 
transmitting  antenna  (A)  was  a  3  m  diameter  para- 
bolic reflector  set  in  a  pit  about  2  m  below  the 
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ground  surface.   The  secondary  transmitting 
antennas  (A'  and  A")  were  surplus  army  search- 
lights modified  for  use  as  acoustic  antennas. 


Transmi tter 

ittmm  fl 


Transmitter 
Ant  f  mm  v 


ECEIVER 

'■TFNNA     P. 


*r 


f 


0.1  k'*  1  kv: 

AMPI^IFrI       If.N.PI    IFIFR  I       I.Vpi    IFIFF. 


1         I  Gatf 


Receivef 


5     At,LJLUNTR~ 


Feceiver 

I"hanmfi     v 


Oscillator     |-»   cfceivep 

K.hannfi    : 


A/I  Converter 
I'-K-'ICmTER 


Ground  '-'jni 


Control  Tower 
Display 


1  OISPLAY  SUBSYSTEM 
I 
1 J 

Fig.  2.   Block  diagram  of  Acoustic  Doppler  Wind 
System 


«&. 


V><& 


SOIL  COVER 


TRANSDUCER 

PARABOLIC 
REFLECTOR 

GRAVEL      SUMP 

Tig.  3.   Bunker  installation  with  a  horn  reflector 
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The  sounder  subsystem  includes  the  transmitt- 
ing power  amplifiers,  transmit/receive  timing  and 
frequency  control  functions,  and  a  dual -channel 
receiver  locked  to  the  transmitted  frequency. 
Each  receiver  channel  had  three  analog  voltage 
outputs  corresponding  to  Doppler  frequency,  signal 
level  and  wideband  noise  level.   The  Doppler  out- 
put was  used  to  calculate  wind  vectors.  The  signal 
and  noise  outputs  were  used  to  estimate  the 
reliability  of  the  Doppler  output  by  testing  for 
receiver  overload  and  S/N  ratios. 


The  computer  subsystem  included  a  16-bit  mini- 
computer with  24K  words  of  core  storage,  a  disk 
unit  for  2.5  million  words,  an  eight  channel  A/D 
converter,  and  a  CRT  display  terminal  with  hard 
copy  unit.   The  A/D  conversion  of  a  data  record 
started  after  the  main  transmitter  tone  burst 
(see  Fig.  4),  and  continued  for  approximately  6 
sec.   The  record  consisted  of  the  three  outputs 
(Doppler,  signal  level,  and  noise  level)  from  each 
of  the  receiving  legs  (B  and  C)  plus  ground  wind 
from  each  leg.   The  receiver  outputs  contained 
three  basic  time  segments:  ambient  noise  sample, 
long  range  echoes,  and  short  range  echoes  (third 
line  in  Fig.  4).  The  echoes  were  further  divided 
into  30  m  height  gates  (the  number  of  samples  per 
gate  was  dependent  upon  height)  and  averaged  into 
a  single  value  per  gate  for  each  of  the  six 
receiver  outputs.   (Ground  winds  were,  of  course, 
not  range  gated) . 

At  this  point  tests  for  signal  level  and  S/N 
ratio  were  applied  to  each  set  of  three  parameters 
(Doppler,  signal,  noise)  from  each  range  gate. 
The  signal  and  noise  values  were  used  only  to  test 
for  probable  reliability  of  Doppler  data  (through 
signal  level  and  S/N  ratio  tests),  and  the  Doppler 
information  from  range  gates  passing  these  tests 
was  used  to  update  the  stored  wind  profile  table. 
Updating  was  done  in  an  exponential  time-averaging 
routine  (  5  min  effective  time  constant)  that 
weighted  the  latest  data  most  heavily.  This 
smoothing  of  the  raw  data  helped  to  reduce  the 
effect  of  spurious  noise  and  small  scale  gusts, 
giving  a  more  consistent  picture  of  the  winds 
which  would  affect  large  aircraft. 

Display  and  Data  Storage:   Wind  shear  informa- 
tion, derived  from  these  vertical  profiles  of  the 
horizontal  wind,  was  then  transmitted  to  a  display 
panel  located  in  the  control  tower  at  Stapleton 
Airport.  The  format  of  this  display  panel  is  shown 
in  Fig.  5.   The  top  two  rows  of  numbers  give  a 
readout  of  the  maximum  shear  by  showing  the  height, 
speed  and  direction  of  the  winds  just  above  and 
just  below  the  level  of  maximum  shear.   When  the 
maximum  shear  exceeded  a  predetermined  critical 
value  (7  knots/100  ft  was  used  during  these  tests) 
a  red  shear-warning  light  was  automatically 
activated.   If  two  equal  shears  were  detected,  the 
one  nearest  the  ground  was  selected  for  display. 
The  display  unit  provided  a  digital  readout  of  the 
surface  wind  speed  and  direction  as  determined 
from  a  surface  anemometer.   Surface  wind  gusts, 
determined  from  the  variance  of  the  ground  winds, 
were  also  displayed. 

To  facilitate  later  analysis  of  the  system 
performance  the  computer  disk  unit  was  used  to 
store  complete  profiles  of  the  measured  wind  along 
with  an  indication  of  the  reliability  of  the 
information  that  was  being  archived.   This  informa- 
tion was  placed  in  storage  every  5  min  and  provided 
a  complete  time-height  history  of  the  system  perfor- 
mance to  be  used  for  later  analysis. 
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3.   SITE  SELECTION 

Selection  of  a  suitable  site  at  the  airport 
was  dictated  largely  by  the  availability  of  land 
and  the  potential  interference  from  construction 
operations  associated  with  runway  extension  work 
at  Stapleton.   Noise  from  normal  airport  operations 
was  a  consideration  in  determining  the  direction 
that  the  receiver  antennas  would  be  pointed.   Since 
one  objective  of  the  operational  tests  was  to 
determine  if  3n  acoustic  system  could  be  operated 
in  the  noisy  airport  environment,  the  site  selected 
(see  Fig.  6)  was  exposed  to  the  full  range  of 
airport  background  noise. 


A  second  aspect  of  the  siteing  problem  is  the 
potential  disturbance  of  local  population  by  the 
sound  source.   Experience  gained  from  related  work 
with  acoustic  sounders  (Wyckoff  et  al.,  1973)  has 
shown  that  when  the  proper  precautions  (i.e.  effec- 
tive side  lobe  suppression)  are  taken,  that  these 
intense  sound  sources  can  be  located  within  a  few 
tens  of  meters  of  normal  human  activity  without 
creating  an  unacceptable  disturbance.  Nonetheless, 
this  is  an  important  consideration  and  should  not 
be  taken  lightly  when  selecting  a  site  and  design- 
ing a  transmitting  antenna. 


Fig.  6.   General  layout  of  Stapleton  International 
Airport  showing  the  position  of  the  Acoustic 
Doppler  Wind  Measuring  System. 


Every  airport  presents  a  unique  set  of  condi- 
tions including  different  traffic  patterns, 
available  land,  and  population  density,  each  of 
which  must  be  integrated  into  the  site  selection 
problem.   Added  to  this  is  the  complex  question 
of  the  allowable  distance  between  the  airport 
operations  and  the  point  where  the  wind  shear  is 
actually  measured.   Involved  here  are  such  aspects 
as:   a)  horizontal  distance  over  which  wind  shear 
can  be  assumed  to  be  homogeneous;  b)  scale  of  wind 
shear  which  will  affect  a  given  aircraft;  and 
c)  change  in  scale  and  homogeneity  with  height. 
Some  idea  of  the  scales  of  shear  that  are  important 
can  be  gained  by  considering  the  size  and  response 
time  of  the  aircraft.   Clearly,  shears  produced 
by  wind  eddies  that  are  much  smaller  than  the 
aircraft  wing  span  will  not  have  an  adverse  effect. 


The  horizontal  extent  of  a  wind  shear  can  be 
estimated  by  observing  its  causal  mechanism.   For 
example,  shears  are  often  associated  with  low  level 
inversions  whose  extent  is  characterized  by  synop- 
tic scale  features  such  as  a  frontal  surface.   On 
the  other  hand,  strong  shears  have  also  been 
observed  in  conjunction  with  the  cold  air  outflow 
from  thunderstorms,  a  mesoscale  feature. 

Both  the  scale  and  horizontal  extent  of  this 
wind  related  feature  are  closely  tied  to  the 
height  above  the  ground  that  the  measurement  is 
taken.   Winds  within  a  few  tens  of  meters  above 
the  ground  can  be  highly  erratic  and  show  large 
differences  in  only  a  few  hundred  meters  horizontal 
distance.   Winds  measured  at  heights  above  the 
terrain-induced  turbulence  tend  to  be  homogeneous 
over  much  greater  distances. 

Questions  of  scale  and  horizontal  homogeneity 
have  a  direct  bearing  on  the  siteing  problem. 
This  problem  is  discussed  by  Grossman  and  Beran 
(1974);  Gaynor  (1974);  and  Beran  (1974),  and  some 
experimental  work  has  been  done  by  Armendariz  and 
I.ang  (1968)  and  Ito  (1968)  using  two  or  more 
towers.  More  work  using  measurements  over  greater 
distances  and  at  greater  heights  is  needed  before 
a  definitive  answer  to  this  aspect  of  the  siteing 
problem  can  be  found.   If  it  is  demonstrated  that 
wind  measurements  several  miles  from  an  airport 
can  be  used  to  indicate  hazardous  wind  shear  at 
the  airport,  the  noise  and  general  siteing  problem 
would  clearly  become  less  critical. 


4.   STAPLETON  SYSTEM  PERFORMANCE 

The  original  schedule  for  implementing  the 
airport  operation  called  for  the  experiment  to 
take  place  during  late  summer  and  fall  of  1973. 
For  this  reason,  no  provisions  were  made  for  cold 
weather  operations,  in  particular,  snow  removal. 
Delay  of  the  tests  to  the  winter  of  1973-1974 
made  it  necessary  to  perform  the  experiment  during 
less  than  ideal  conditions  and  some  data  were  lost 
due  to  heavy  accumulation  of  snow  in  the  antennas. 
Normal  takeoff  and  landing  operations  resulted  in 
intense  noise  of  about  30  to  60  sec  duration  at 
intervals  as  short  as  one  or  two  minutes  during 
some  heavy  traffic  hours.   Although  this  resulted 
in  rejection  of  the  data  during  these  times,  the 
exponential  time  averaging  window  made  operation 
possible.   A  more  serious  data  loss  occurred  when 
jet  aircraft  were  on  the  taxi  strip  awaiting 
takeoff  instructions.   Although  this  sound  level 
was  less  intense  than  that  generated  during 
landing  or  takeoff,  it  was  above  the  tolerable 
threshold  and  caused  data  losses  for  periods  up 
to  an  hour. 

While  it  was  demonstrated  that  a  system 
operating  in  the  audible  acoustic  range  (1  kHz) 
could  successfully  measure  winds  at  an  airport, 
it  was  equally  apparent  that  the  siteing  of  such 
a  device  is  of  primary  importance.   A  complete 
airport  noise  survey  will  be  essential  prior  to 
the  installation  of  operational  acoustic  Doppler 
systems.   Both  ground  and  air  traffic  patterns 
must  be  considered  in  selecting  the  antenna  site 
and  beam  directions. 
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Despite  data  loss  due  to  adverse  weather  and 
high  background  noise,  sufficient  information  was 
collected  during  the  Stapleton  operation  to  assess 
the  system  performance  and  to  isolate  certain 
weaknesses.   The  stored  wind  profiles  were 
checked  for  internal  consistency  and  continuity. 

Internal  consistency  checks  indicated  that  a 
large  percentage  of  the  wind  profiles  either 
lacked  winds  between  the  heights  of  100  to  200  m 
or,  if  winds  were  shown,  they  were  erratic  and  not 
consistent  with  the  remainder  of  the  measured 
profile.   It  will  be  recalled  that  the  receiving 
antennas  were  intended  to  cover  the  range  from 
about  200  m  to  700  m  with  the  main  transmitter  (A) 
and  between  30  m  and  200  m  with  the  secondary 
transmitters  (A'  and  A").   The  section  of  erroneous 
wind  estimates  occurred  near  the  transition  zone, 
between  the  secondary  and  main  transmitter  ranges. 
A  detailed  computer  analysis  of  the  intersection 
pattern  of  assumed  transmitter  and  receiver  beams 
showed  that  a  receiver  beam  which  was  too  narrow 
could  have  caused  this  region  of  poor  response. 
The  probable  signal  level  near  the  edge  of  the 
narrower  beam, for  uniform  scattering,  was  some  20 
dB  down  from  that  near  the  intersection  point  of 
the  centers  of  the  transmitter  and  receiver  beams. 
This  unacceptably  large  variation  in  the  signal 
level  along  the  vertical  profile  was  undoubtedly 
responsible  for  the  observed  degradation  in  per- 
formance near  200  m  and  above  500  m  height. 
While  this  problem  could  be  cured  by  using  a 
broader  receiver  beam,  the  deterioration  of  the 
S/N  resulting  from  the  greater  amount  of  noise 
collected  in  a  wide  beam  is  an  unacceptable 
consequence.   Possible  solutions  are:   a)  to  use 
several  "pencil"  beams,  each  directed  at  a 
slightly  different  angle,  or  b)  to  use  a  steer- 
able  phased  array  antenna  in  which  a  relatively 
narrow  beam  can  be  controlled  to  follow  the 
upward  traveling  pulse  of  sound. 

Measurement  of  the  Doppler  shift  by  the  analog 
receiver  has  certain  limitations.   Although  the 
instantaneous  echo  spectrum  (for  a  single  height 
gate)  is  not  expected  to  exceed  10  or  20  Hz,  a 
receiver  bandwidth  of  about  300  Hz  (30%  of  the 
transmitted  frequency)  is  needed  to  allow  for 
Doppler  shifts  corresponding  to  30  m/sec  at  heights 
below  200  m.   During  noisy  periods,  this  causes 
unpredictable  bias  in  the  Doppler  (hence  the  S/N 
test) .  The  dynamic  range  of  the  receiver  was 
also  limited  to  about  20  dB,  and  it  was  necessary 
to  extend  the  range  with  a  variable  gain  preamp. 

An  alternative  signal  processing  technique, 
presently  under  study,  would  require  addition  of 
a  faster  A/D  converter  and  a  fast  Fourier  trans- 
form unit  to  the  present  digital  system.   The 
analog  stage  of  the  receiver  would  then  merely 
band-pass  filter  the  signal  after  which  it  would 
be  digitally  sampled  at  a  higher  rate  and  trans- 
formed into  128-line  spectra  for  each  height  gate. 
This  technique  should  permit  more  sophisticated 
adaptive  filtering  of  the  data,  increase  the 
dynamic  range  significantly,  and  allow  operation 
at  somewhat  poorer  S/N  ratios. 

As  in  most  previous  work  with  the  acoustic 
Doppler  system  the  lack  of  a  suitable  independent 
wind  measurement  to  compare  with  the  Doppler  winds 
was  frustrating.   Some  indication  of  the  accuracy 
of  the  low  level  winds  (lowest  height  gates  at 


45  and  75  m)  could  be  gained  from  comparison  with 
the  winds  measured  by  the  ground  based  anemometer. 
The  change  in  wind  speed  and  direction  at  levels 
away  from  the  surface  friction  effects  made  this 
only  a  crude  guide  to  the  system's  performance. 

The  only  wind  measurements  that  could  be  used 
to  judge  the  performance  of  the  acoustic  system 
were  the  twice  daily  radiosonde  ascents  taken  by  the 
Weather  Service  at  Stapleton.   These  measurements 
were  by  no  means  comparable,  as  winds  were  reported 
at  only  200  and  500  m  above  the  surface,  some  3  miles 
away  from  the  site  of  the  Doppler  measurements.   This 
large  separation  between  the  two  wind  profiles,  and 
the  unfortunate  juxtaposition  of  the  radiosonde 
reporting  levels  and  the  most  unreliable  portions 
of  the  Doppler  wind  profile  made  a  detailed  statis- 
tical comparison  impossible.   Despite  these  diffi- 
culties a  few  very  encouraging  comparisons  were 
possible.  The  wind  profiles  shown  in  Fig.  7  are 
an  example  of  remarkably  good  agreement  between  the 
radiosonde  and  Doppler  derived  winds.   This  case 
is  especially  good  because  it  demonstrated  that  the 
acoustic  system  could  successfully  measure  rather 
strong  winds  (w 14  m/sec),  a  feature  of  the  system 
which  had  previously  been  untested. 

Most  acoustic  Doppler  wind  profiles  had  a 
surprisingly  jagged  appearance  (see  Fig.  8)  with 
deviations  of  one  or  two  m/sec  away  from  a  classic 
smooth  wind  profile.   At  first  glance  this  uneven 
appearance  of  the  profile  suggests  that  spurious 
noise  might  be  causing  the  deviations.   Time- 
height  plots  of  the  wind  fields  measured  by  the 
Doppler  sys.tem  (Beran,  1974),  however,  show  good 
time  continuity  of  these  features.  A  second  test 
using  two  parallel  systems,  where  two  receiving 
antennas  were  -located  side  by  side  and  aimed  at 
a  common  scattering  volume,  indicated  a  high 
correlation  between  the  separate  systems  for 
averaging  times  down  to  one  minute.   Both  of  these 
tests  suggest  that  the  observed  deviations  are 
real  and  that  only  our  preconceived  idea  of  a 
smooth  wind  profile  is  at  fault. 
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Tig.  7.  Comparison  of  wind  profiles  from  acoustic 
Doppler  (solid  lines)  and  Stapleton  Airport  radio- 
sonde (dashed  lines)  for  morning  of  December  12,  1973. 


The  radiosonde,  on  the  other  hand,  does  tend 
to  smooth  the  wind  profile  because  of  the 
large  distance  between  the  balloon  and  the 
transmitter  and  the  natural  damping  action 
of  the  collected  balloon,  string,  and  radio- 
sonde package. 
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Fig.  8.  Comparison  of  wind  profiles  from  acoustic 
Doppler  (solid  lines)  and  Stapleton  Airport  radio- 
sonde (dashed  line)  for  afternoon  of  January  23,  1974. 


In  summary,  while  the  Stapleton  tests 
indicated  that  several  problems  still  exist, 
there  does  not  appear  to  be  any  basic  physical 
problem  that  will  prevent  the  operation  of  an 
acoustic  Doppler  system  at  an  airport  site. 
The  various  recommended  modifications  must 
be  tested  again  under  operational  conditions. 
In  addition,  there  is  a  clear  need  for  a  long 
term  comparison  of  the  Doppler  winds  with  a 
suitable  set  of  independent  wind  readings  to 
determine  the  full  effect  of  diurnal  changes 
in  the  scattering  properties  of  the  atmosphere. 
The  radiosonde  is  just  not  adequate  for  this 
task.   A  much  better  set  of  wind  profiles 
could  be  collected  by  anemometers  on  a  very 
high  tower  such  as  one  of  the  few  500  m 
towers  being  used  for  meteorological  research. 


REFERENCES 


5.   SUMMARY  AND  CONCLUSIONS 

The  Stapleton  Airport  exercise  represented  the 
first  full  scale  operational  test  of  the  experimen- 
tal Acoustic  Doppler  Wind  Measuring  System.   The 
test  and  the  results  presented  here  have  been 
extremely  valuable  for  identifying  weaknesses  in 
the  system  and  for  modifying  some  of  the  original 
assumptions  made  prior  to  the  design  of  the  experi- 
ment . 


In  practical  terms  a  great  deal  was  also 
learned  about  the  construction  and  location  of  the 
equipment.   The  first  step  in  locating  an  acoustic 
system  at  an  airport  is  to  make  a  complete  noise 
survey  of  the  area.  This  survey  will  provide  a 
basis  for  later  site  selection  that  must  also 
consider  the  availability  and  cost  of  land,  and 
local  terrain  features  which  might  effect  the 
wind  field.   Achieving  an  optimum  S/N  ratio  is, 
of  course,  the  key  to  a  successful  system.  •  J 
Underground  bunkers,  designed  to  reduce  the 
ambient  background  noise  are  essential.   Again, 
such  practical  matters  as  snow  accumulation  and 
the  collection  of  dust  and  other  debris  must  be 
considered  for  an  operational  system.   New  bunker 
and  antenna  designs  which  incorporate  heating 
elements  for  snow  removal  and  underground  sumps 
for  collecting  water  are  now  being  considered. 
Secondary  protective  measures  such  as  sound 
reducing  earth  berms  and  surface  wind  reducing 
structures  around  the  receiving  antenna  bunkers 
are  also  contemplated. 


Armendari: ,  M. ,  and  V.  D.  Lang,  1968:   Wind 

correlation  and  variability  in  time  and  space. 
Atmospheric  Sciences  Lab. ,  White  Sands  Missile 
Range,  N.  M. ,  Report  ECOM-5201,  26  p. 

Beran,  D.  W. ,  1971:   Acoustics:   A  new  approach 
for  monitoTing  the  environment  near  airports. 
Journal  of  Aircraft,   AIAA.   8,    934-936. 

Beran,  D.  W. ,  1974:  Remote  sensing  wind  and  wind 
shear  system.  Interim  Report  No.  FAA-RD-74-3, 
(available  from  National  Technical  Information 
Service,  Springfield,  Virginia,  115  p.) 

Beran,  D.  W. ,  and  S.  F.  Clifford,  1971:   Acoustic 
Doppler  measurements  of  the  total  wind  vector. 
Proa.   AMS  Second  Symp.    on  Meteorol.    Observations 
and  Instrumentation.    San  Diego,  Calif. 

Beran,  D.  W. ,  C.  G.  Little,  and  B.  C.  Willmarth, 
1971:   Acoustic  Doppler  measurement  of  vertical 
velocities  in  the  atmosphere.  Nature  230, 
160-162. 

Ito,  H. ,  1968:   Time  and  space  variation  in  meteoro- 
logical elements  in  the  aerodrome  and  its  vicin- 
ity. Aeronautical     Meteorology,    WMO  Tech.  Note 
No.  95,  142-157. 

Wyckoff,  R.  J.,  D.  W.  Beran,  and  F.  F.  Hall,  1973: 
A  comparison  of  the  low-level  radiosonde  and 
the  acoustic  echo  sounder  for  monitoring  atmos- 
pheric stability.  J.    Appl.    Meteor.    12,    1196-1204. 


417 


85 
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A  system  using  the  Doppler  shift  of  audible  sound  waves  to  measure  atmospheric  winds  to  heights  of 
1  km  above  the  surface  is  described.  Planned  application  of  the  device  at  a  commercial  airport 
required  extensive  transducer  and  antenna  shielding  to  reduce  the  effect  of  ambient  noise. 
Comparisons  of  winds  measured  by  both  the  acoustic  Doppler  system  and  standard  radiosondes 
indicate  that  high  accuracy  and  resolution  can  be  achieved,  and  that  the  wind  profiles  can  be 
continually  monitored  with  relatively  simple  ground  based  equipment. 

Subject  Classification:  85.10,  85.88. 


INTRODUCTION 

A  recent  series  of  experiments  at  NOAA'  s  Wave  Prop- 
agation Laboratory  demonstrated  that  the  motion  of  a 
volume  of  the  atmosphere  can  be  remotely  sensed  by  ob- 
serving the  Doppler  frequency  shift  between  a  transmit- 
ted pulse  of  sound  and  the  sound  scattered  from  within 
the  volume.     Early  work1  with  a  single  antenna  mono- 
static  system  applied  this  principle  to  measure  a  verti- 
cal profile  of  the  vertical  wind  component.     Later  ex- 
periments2'3 using  multiple  antennas  in  a  spaced  configu- 
ration measured  vertical  profiles  of  the  total  wind  vector. 

This  method  of  remotely  measuring  wind  components 
has  already  found  research  application  in  momentum 
flux  calculations4  and  the  study  of  thermal  plume  struc- 
ture.5   In  addition,  an  experimental  acoustic  Doppler 
system  for  measuring  winds  remotely6  has  been  installed 
at  Denver,  Colorado's  Stapleton  International  Airport  for 
extensive  feasibility  tests. 

This  paper  describes  the  system  and  presents  results 
from  some  of  the  preliminary  calibration  tests  which 
demonstrate  the  capability  of  measuring  winds  with  the 
acoustic  Doppler  shift.    The  success  of  an  acoustic  sys- 
tem operating  in  high  ambient  noise  is  almost  totally 
dependent  on  how  well  the  receiving  antennas  and  trans- 
ducers can  be  shielded  from  background  noise.    The  an- 
tennas to  be  used  and  their  installation  are  thus  dis- 
cussed in  some  detail. 

I.    THEORY 

An  extensive  bibliography  covering  the  major  contri- 
butions to  the  theory  of  sound  scattering  in  the  free  at- 
mosphere is  given  by  Little.7   Turbulent  eddies,  that 
produce  both  temperature  and  wind  related  refractive 
index  fluctuations  are  the  primary  scattering  mechanism 
in  the  atmosphere.    Furthermore,  the  scatter  of  sound 
depends  strongly  on  the  direction  in  which  the  scattering 
occurs.    Direct  backscattering  is  mainly  a  function  of 
the  temperature  eddies  in  a  given  volume,  and  the 
amount  of  energy  backscattered  is  smaller  than  in  most 
other  directions.8  Only  backscattered  energy  is  re- 
ceived by  a  monostatic  system  (collocated  transmitter 
and  receiver).    Energy  scattered  in  all  other  directions, 
referred  to  as  oblique  scatter,  can  be  received  by  a  bi- 
static  system  (separated  transmitter  and  receiver). 
Oblique  scatter  is  a  function  of  the  combined  effect  of 
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temperature  and  wind  eddies  and  is  typically  much  more 
intense  than  backscatter,  except  at  directions  normal  to 
the  transmitted  beam  where  no  energy  is  scattered. 

The  first  demonstration  of  wind  measurement  by 
acoustic  Doppler  shift  was  made  with  a  spaced  configu- 
ration which  received  scattered  energy  a  few  meters 
above  the  ground. 9   It  was  shown  that  if  wind-advected 
scatterers  induce  a  Doppler  shift  A/ on  the  transmitted 
frequency  /„,  the  wind  speed  component  V  that  produces 
this  Doppler  shift  is 

V=[C/2sin(e/2)][A///0], 

where  8  is  the  scattering  angle  measured  from  the  di- 
rection of  the  transmitted  beam  to  the  direction  of  the 
scattered  signal,  and  C  is  the  velocity  of  propagation. 
For  a  menostatic  system,  the  measured  velocity  com- 
ponent is  along  the  antenna  beam,  but  it  is  in  the  direc- 
tion of  the  bisector  of  the  angle  formed  by  the  intersec- 
tion of  the  transmitter  and  receiver  beams  in  the  more 
general  bistatic  case. 

Several  theoretical  studies10-13  have  dealt  with  the  ef- 
fects of  turbulence  and  refraction  of  the  intervening  at- 
mosphere and  the  effect  of  the  Doppler  spread  on  the 
final  determination  of  the  winds.    In  general,  the  results 
of  these  studies  indicate  that,  while  many  of  the  fore- 
going statements  are  only  approximately  true,  potential 
errors  in  measured  wind  would  be  less  than  5%  for 
heights  less  than  1  km. 

II.    SYSTEM  CONCEPT 

The  basic  monostatic  acoustic  transmitter  consists  of 
a  timing  device,  a  signal  generator,  and  a  power  ampli- 
fier that  drives  a  transducer  to  produce  pulses  of  sound. 
After  emitting  a  sound  pulse,  the  system  is  switched  to 
a  passive  mode  and  the  returning  echoes  are  processed 
by  a  receiver.    Details  of  the  design  are  described  by 
Wescott  et  al.  u  and  Simmons  et  al.  n 

The  Doppler  frequency  shift  is  monitored  by  a  fast  fre- 
quency tracker  that  measures  the  first  moment  of  the 
Doppler  spectrum.    Higher-order  moments  are  not 
needed  for  determining  the  wind  speed,  but  are  useful 
for  studying  turbulence  in  the  scattering  volume. 

To  measure  a  vertical  profile  of  the  wind,  it  is  nec- 
essary to  use  multiple  antennas  arranged  so  they  sense 
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FIG.   1.     Artist's  concept  showing  the  acousfc  Doppler  instal- 
lation at  Stapleton  Airport  in  Denver,   Colorado. 


two  components  of  the  horizontal  wind  at  many  separate 
heights.    A  sketch  of  the  configuration  used  for  the  cali- 
bration tests  described  later  is  shown  in  Fig.   1.    The 
vertically  pointing  beam  provides  the  insonification  for 
the  four  antennas  located  on  orthogonal  legs  that  inter- 
sect at  the  vertically  pointed  antenna.    The  beams  nf  the 
outlying  antennas  are  wide  enough  to  cover  the  height 
range  from  200  to  about  500  m  (near  antennas)  and  500 
to  1000  m  (far  antennas).     The  lack  of  scatter  near  90', 
discussed  earlier,  is  the  reason  for  limiting  the  lower 
range  of  the  bistatic  antenna  to  heights  of  200  m.    The 
region  from  near  the  ground  up  to  200  m  is  covered  by 
pulsing  antennas  B2  and  C2  simultaneously  with  the  ver- 
tical system;  then,  during  the  dead  time  before  the  first 
bistatic  signals  reach  the  near  antennas  (Bj  and  C]), 
monostatic  returns  are  received  at  positions  B2  and  C2. 
Horizontal  uniformity  of  the  wind  must  be  assumed  over 
an  area  the  size  of  the  antenna  array  as  ths  altitude  cov- 
erage from  30-200  m  is  not  a  common  volume  measure- 
ment, whereas  it  is  from  200-1000  m.     Measured  winds 
are  averaged  for  periods  of  between  2  and  7  min,  thus, 
reducing  the  possible  effect  of  nonuniform  winds  across 
the  array. 

The  entire  height  range  from  30  to  1000  m  ran  be  cov- 
ered using  this  combined  monostatic-bistatic  approach. 
The  sequence  of  events  during  each  pulse  cycle  :j:     (a) 
the  vertical  and  outlying  tilted  antennas  (B2  and  C2)  are 
pulsed,   (b)  the  two  outlying  tilted  antennas  start  receiv- 
ing monostatic  signals  from  their  own  pulse,   (c)  after  a 
little  less  than  2  sec,  the  first  200  m  are  probed,  the  re- 
ceivers are  switched  to  the  near  antennas  (Bv  and  (.',), 
and  the  bistatic  echoes  generated  by  the  vertically  travel- 
ing pulse  are  received  as  the  pulse  moves  through  the 
beams  of  the  near  antennas,   (d)  as  the  pulse  reaches 
about  500  m,  the  receivers  are  switched  back  to  the  far 
antennas  and  they  then  act  as  passive  bistatic  antennas 
throughout  the  remainder  of  the  cycle  up  to  1000  m.     A 
receiver  and  Doppler  tracker  is  time  shared  by  the  iwo 
stations  on  each  of  the  legs. 

This  configuration  is  designed  to  measure  only  the 
horizontal  wind  component,  hence,  the  vertically  pointing 
antenna  is  not  used  to  receive  its  own  monostatic  signals. 
This  would  be  feasible  if  vertical  wind  information  were 


required;  however,  the  rather  long  averages  applied  to 
Lhi!  measured  wind  would  need  t  >  be  shortened  to  prevent 
■<:  ".K'Milng  ot  the  shelter  term  vortical  wind  oscillations. 
Two  methods  ."re  used  to  avoid  "cross  In  Ik'  between  the 
mono  static  and  bistatic  echoes  at  the  two  antennas  along 
each  leg.    One  approach  is  to  generate  a  pulsed  frequen- 
cy at  Si  and  C2  which  is  above  the  1050-Hz  signal  pro- 
duced by  the  vertical  antenna.    The  100-Hz  bandwidth  in 
the  receivers,  which  are  switched  to  the  proper  receiving 
lrequen:y,  will  then  reject  the  contaminating  signal.    A 
second  approach  is  to  use  the  same  frequency  at  all 
pulsed  antennas,  but  to  generate  only  enough  power  at 
32  and  C2  to  reach  the  200-m  altitude.  The  unpredictable 
effects  of  SDUr.d  absorption  and  variation  in  the  intensity 
of  atmospheric  scattprers  makes  the  first  approach  more 
desirable. 

Figure  2  shows  a  schematic  of  the  system  including 
the  minicomputer  that  is  required  for  the  processing  of 
the  information  provided  by  the  sounder.    The  final  out- 
put lrom  the  computer  is  the  total  horizontal  wind  vector 
at  each  30-m  height  increment  up  to  1000  m. 

The  antennas  for  this  system  are  of  three  types.     The 
vertically  pointing  active  system  employs  a  3-m-diam 
parabolic  aluminum  dish,  fed  by  a  cluster  of  four  100-W 
transducer  horn  combinations  wired  in  series.    They  are 
driven  with  between  800-  and  1000-W  (electrical)  peak 
power.    The  transducers  are  not  damaged  by  this  appar- 
ent overdriving  because  of  the  low-duty  cycle  and  short 
pulse  lengths.     The  outlying  antennas  are  all  of  the  off- 
axis  paraboloid  type  where  only  a  section  of  the  parab- 
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tions B-,  and  C2. 


oloid  which  is  normal  to  the  axis  is  used  and  is  fed  by  a 
horn  transducer  combination  at  the  focal  point,  and  aimed 
in  a  direction  also  normal  to  the  parabolic  axis.    The 
two  outer  antennas  are  about  twice  as  large  as  those  used 
at  the  near  locations. 

To  reduce  background  noise  that  might  enter  through 
the  side-lobe  pattern,  the  receiving  antennas  are  buried 
in  bunkers  with  openings  that  allow  the  beam  to  project 
out  at  an  elevation  angle  of  about  45°.    A  sketch  of  the 
antenna  installed  in  a  bunker  is  shown  in  Fig.   3.    Sound- 
absorbing  convoluted  foam  plastic  is  added  to  critical 
areas  within  the  bunker  to  increase  the  noise  rejection 
characteristics.    Comparison  of  background  noise  levels 
measured  with  this  installation  and  those  made  with  a 
shielded,  above-ground  antenna,  show  that  between  15- 
to  20-dB  improvement  is  achieved  with  the  bunker-type 
installation. 

It  is  also  expected  that  the  noise  generated  by  aircraft, 
will  cause  oblique  scattering  directly  into  the  main  beam. 
At  present,  these  noise  sources  are  expected  to  render 
the  system  inoperative  for  about  50%  of  the  time  during 
the  peak  traffic  periods  at  Stapleton  Airport  (i.  e. ,  one 
landing  or  takeoff  per  minute). 

III.    WIND  MEASUREMENT  AND  CALIBRATION 

During  the  development  phases  of  the  acoustic  Doppler 
system,  acoustically  derived  winds  and  wind  measured 
by  standard  in  situ  devices  were  compared  in  several  ways. 
The  first  comparison  was  between  a  two  axis  bistatic 
system  and  a  kytoon- mounted  anemometer2  that  was  teth- 
ered at  heights  between  100  and  200  m.    A  second  test 
used  a  three-axis  monostatic  system  and  the  kytoon  - 
mounted  anemometer.    The  description  of  these  early 
tests  has  been  published  elsewhere3  and  some  of  the  re- 
sults summarized  in  the  scatter  diagram  shown  in  Fig. 
4.    This  scatter  diagram  shows  the  comparison  of  2-min 
average  winds  measured  by  the  kytoon  [referred  to  as  a 
Boundary  Layer  Profiler  (BLP)]  and  the  acoustic  sys- 


tem. The  correlation  coefficient  of  0.96  and  regression- 
line  slope  of  0.95  indicates  very  good  agreement  between 
tho  two  sets  of  wind  measurements. 

Later  tests,  conducted  near  a  150-m  tower  equipped 
witli  anemometers,   showed  equally  good  agreement. 
They  also  demonstrated  that  the  monostatic  system  was 
limited  to  ranges  below  500  m,   and  that  the  strength  and 
character  of  the  returns  from  temperature  fluctuations 
alone  were  highly  variable  and  subject  to  long  periods 
of  fade  when  no  wind  information  could  be  obtained. 

The  most  recent  tests,  using  the  bistatic  configuration 
described  earlier,  were  designed  to  collect  wind  data 
throughout  the  total  1-km  height  range.    Independent 
wind  data,  needed  to  compare  with  the  acoustic  Doppler 
winds,  were  measured  with  a  standard  GMD-1  and  slow 
ascent  radiosonde.     For  this  test,  only  one  leg  of  the 
two-axis  system  was  installed  along  a  line  of  azimuth 
221°-41°  at  a  field  site  near  Boulder,  Colorado.    Since 
only  one  component  of  the  wind  was  measured  by  the 
acoustic  Doppler  system,  it  was  necessary  to  extract  it 
from  the  radiosonde  winds  before  comparing  the  two  sets 
of  data.    Previous  tests  which  compared  the  two-axis 
Doppler  winds  with  a  tower  mounted  anemometer  indi- 
cated that  the  true  wind  direction  could  be  measured  to 
within  5  or  10  deg. 

The  computer  program  used  to  reduce  the  Doppler 
winds  smoothed  each  height  gate  (30  m)  with  running 
means  for  period  of  from  2  to  7  min.    The  radiosonde 
reduction  program  contained  three  smoothing  options 
that  applied  different  lengths  of  running  means  along  the 
wind  profile.    These  smoothing  operations  differ  in  that 
one  is  time-dependent  (each  Doppler  gate  was  smoothed 
over  a  number  of  pulses)  and  the  other  is  space-depen- 
dent.   This  means  that  the  Doppler  information  is 
smoothed  along  a  horizontal  direction  and  the  radiosonde 
is  smoothed  in  the  vertical  direction.    This  difference 
may  have  contributed  to  some  of  the  observed  error  be- 
tween the  two  sets  of  wind  profiles. 

An  example  of  the  comparison  between  the  acoustic 
Doppler  and  the  radiosonde  winds  is  shown  in  Fig.  5. 
The  two  dashed  curves  represent  both  smoothed  and  un- 
smoothed  radiosonde  data.    To  obtain  better  resolution, 
slow  ascent  balloons,   requiring  from  10  to  15  min  to 
reach  1  km,  were  used  during  these  tests.    The  acoustic 


1  2  3  4  5  6 

Doppler  Wind  Speed    (m/s) 
FIG.   4.     Scatter  diagram  of  the  acoustic  Doppler  winds  versus 
those  measured  by  an  anemometer  suspended  from  a  kytoon 
(BLP).3 
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FIG.  5.    Wind  profiles  measured  by  the  acoustic  Doppler  sys- 
tem (solid  line)  and  by  the  radiosonde  (dashed  line).     Light  and 
heavily  smoothed  radiosonde  profiles  are  both  shown. 


Doppler  system  covered  this  range  every  8  sec  making 
it  necessary  to  adjust  the  Doppler  profiles  to  the  time 
that  the  radiosonde  balloon  was  in  a  particular  height 
range.    The  resulting  valid  times  are  shown  on  the  right 
side  of  Fig.  5.    The  acoustic  data  in  each  of  the  height 
increments  are  the  average  for  the  preceding  5  min. 

Figure  6  is  a  similar  comparison  between  another 
radiosonde  and  an  acoustic  Doppler  wind  profile.    The 
acoustic  data  have  again  been  time  shifted  to  match  the 
height-time  position  of  the  radiosonde.    The  portions  of 
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the  profile  marked  "mono,"  "bistat  1,"  and  "bistat  2" 
indicate  the  regions  covered  by  the  separate  components 
of  the  Doppler  system.    The  poor  agreement  up  to  300  m 
la  due  to  the  combination  of  an  error  (since  corrected) 
in  the  monostatic  system  calibration  and  weak  signals 
near  the  lower  portion  of  the  near  antenna'  s  beam. 

Wind  sampled  at  50-m  increments  on  each  of  six  pro- 
files (rwo  of  which  are  shown  in  Figs.   5  and  6)  generated 
during  the  calibration  tests  is  plotted  on  a  scatter  dia- 
gram (Fig.  7)  of  acoustic  Doppler  (Dop)  winds  vs  radio- 
sonde (Rad)  winds  (both  in  msec"1).    The  linear  regres- 
sion curve  for  this  set  of  points  is  the  solid  line  in  Fig. 
7.    The  perfect  agreement  line  of  slope  1.  0  is  shown  as 
the  dashed  line.    The  95%  confidence  limits  on  the  slope 
of  the  regression  line  are  0.  95  and  0.  75,  not  including, 
but  close  to  1.0.    The  95%  confidence  limits  on  the  zero 
y  intercept  are  0.  35  and  -  0.  022,  including  zero. 

IV.    CONCLUSIONS 

Given  the  difference  in  resolution  and  the  spatial  sepa- 
ration of  the  radiosonde  and  acoustic  profiles,  the  results 
of  the  comparisons  of  wind  profiles  are  good.    In  all 
cases,  the  acoustic  profiles  suggest  that  the  wind  field 
contains  more  structure  than  was  indicated  by  the  radio- 
sonde.   With  the  test  data  available,  it  is  impossible  to 
say  if  the  variable  nature  of  the  Doppler  profiles  is  real 
or  possibly  a  manifestation  of  the  different  smoothing 
procedures  used  on  the  two  sets  of  data  or  of  noise 
tracking  in  the  receiver.    It  can  be  argued  that  a  system 
consisting  of  a  radiosonde  package  suspended  some  20 
or  30  m  below  a  balloon  will  tend  to  act  as  a  low-pass 
filter  as  it  passes  through  the  atmosphere.    If  this  is  the 
limiting  factor,  then  the  Doppler  system  is  indeed  much 
better  than  the  device  being  used  for  the  comparison. 
More  testing  near  a  fixed  anemometer  on  a  tower,  or 
one  suspended  from  a  large  kytoon,  will  be  needed  to 
resolve  this  point.    These  preliminary  results  do  indi- 
cate that  it  will  be  possible  to  remotely  determine  wind 
profiles  to  altitudes  of  1  km  with  accuracies  that  meet 
airport  operational  requirements. 


tern  (solid  line)  and  a  radiosonde  (dashed  line).  The  regions 
separated  by  the  diamonds  on  the  right  of  the  figure  indicate 
the  levels  where  antenna  switching  took  place. 


FIG.  7.     Scatter  diagram  of  acoustic  Doppler  winds  (Dop)  ver- 
sus radiosonde  winds  (Rad).    Standard  error  of  estimate  =  0.  89. 
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This  paper  reviews  some  recent  theoretical  work  on  the  effects  of  a  nonzero  mean  wind  on  the 
propagation  and  scattering  of  sound  by  turbulent  refractivity  fluctuations.  The  paper  includes  a  study  of 
the  deformation  of  the  scattering  cross  section  due  to  adveclion  of  the  scatterers  and  analyses  of  the 
broadening  of  the  frequency  spectra  of  the  acoustic  pressure  and  pressure  amplitude  for  forwardscatter 
and  backscatter  modes.  The  results  have  immediate  applications  both  for  determining  the  accuracy  of 
echosonde  measurements  and  for  providing  sensitive  parameters  for  remote  sensing  of  atmospheric  struc- 
ture. 


As  early  as  1874  Tyndall  observed,  as  was  rephrased  by 
Rayleigh  [1945],  'that  the  very  limited  distances  to  which 
sounds  are  sometimes  audible  are  due  to  an  actual  stopping  of 
the  sound  by  a  flocculent  condition  of  the  atmosphere  arising 
from  unequal  heating  or  moisture.'  In  addition,  Tyndall  [1874] 
made  experimental  observations  on  the  aerial  reflection 
(scattering)  of  sound  by  clear  but  turbulent  air.  Nearly  a  cen- 
tury passed  before  McAllister  [1968]  and  Little  [1969] 
suggested  feasible  echosonde  techniques  for  remote  sensing  of 
refractive  fluctuations  in  the  atmosphere.  The  richness  of  the 
observations  of  atmospheric  structure  obtained  by  equipment 
of  relative  simplicity  depends  in  large  part  on  the  introduction 
of  the  facsimile  recorder.  The  techniques  furnish  altitude  ver- 
sus time  charts  in  which  the  trace  blackness  corresponds  to  the 
magnitude  of  the  scattering  cross  section,  that  is,  to  the  inten- 
sity of  the  random  fluctuations.  Shortly  afterward,  Beran 
[1971]  began  the  more  difficult  study  of  frequency  spectra  of 
echo  sounder  returns  to  obtain  Doppler  shifts  corresponding 
to  mean  winds.  Recently,  Hall  [1972]  gave  a  complete  state- 
of-the-art  review  of  atmospheric  echosonde  experimental 
methods  and  results.  The  above  brief  remarks  on  echosonde 
techniques  provide  motivation  for  the  following  also  brief 
review  of  early  theoretical  studies  on  the  interaction  of  sound 
with  the  atmosphere. 

Any  theory  of  acoustic  propagation  in  the  real  atmosphere 
must  take  turbulence  into  account,  particularly  since  the  latest 
results  of  Bourne  (F.  F.  Hall,  personal  communication,  1974) 
show  that  turbulence,  even  though  it  is  spatially  intermittent, 
appears  all  the  way  from  ground  to  tropopause.  The  combina- 
tion of  turbulence  with  tropospheric  mean  temperature 
gradients  results  in  temperature  mixing,  random  temperature 
fluctuations,  and  thus  acoustic  refractivity  fluctuation  fields. 
The  theory  of  the  interaction  of  sound  with  turbulence,  just  as 
the  theory  of  turbulence  itself,  rests  on  the  viewpoint  in- 
troduced by  Taylor  [1935],  which  discarded  deterministic 
modeling  and  treated  the  statistical  properties  of  the  tur- 
bulence directly.  The  availability  of  the  first  theoretical  quan- 
tity needed  for  interpretation  of  echosonde  data,  the  scattering 
cross  section,  also  played  a  large  part  in  the  impetus  given  to 
the  development  of  echosonde  techniques. 

In  the  same  year  that  Kolmogorov  [1941]  and  Obukhov 
[1941a]  found  the  Vi  law  for  the  inertial  range  of  turbulence, 
Obukhov  [19416]  related  the  scattering  cross  section  to  the 
general  expression  for  the  spectral  density  of  turbulent  kinetic 
energy.  However,  the  neglect  of  gradients  of  the  velocity  fluc- 
tuations flawed  the  derivation  and  led  to  the  missing  cos2  0, 
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an  error  continued  by  some  later  Russian  researchers. 
Blokhintzev  [1946]  introduced  the  assumption  that  only  wave 
numbers  in  the  inertial  range  of  turbulence  affect  the  propaga- 
tion of  audible  and  high-frequency  sound,  thus  permitting  the 
use  of  the  Kolmogorov  spectrum  in  the  scattering  cross  sec- 
tion. Kraichnan  [1953]  and  Lighthill  [1953]  simultaneously 
found  the  correct  form  of  the  velocity-dependent  part  of  the 
scattering  cross  section  in  1953.  Four  years  later  Batchelor 
[1957]  obtained  the  scattering  cross  sections  used  today,  both 
the  same  velocity-dependent  part  and  the  part  dependent  on 
the  spectral  density  of  fluctuations  of  a  passive  additive  such  as 
acoustic  velocity  or  temperature.  Although  Batchelor  did  not 
express  the  total  cross  section  as  the  sum  of  the  velocity- 
dependent  and  the  temperature-dependent  parts,  such  a  sum- 
mation is  implicit  in  the  fact  that  the  cross  section  represents  a 
normalized  energy  flow,  and  thus  partial  cross  sections  are  ad- 
ditive. 

Evidently  unaware  of  the  earlier  work,  Tatarskii  [1959]  ob- 
tained the  total  scattering  cross  section  expressed  as  the  sum  of 
a  velocity-dependent  and  a  temperature-dependent  part.  Un- 
fortunately, the  derivation  followed  Obukhov  in  neglecting 
gradients  and  thus  omitted  the  factor  cos2  6.  The  striking 
divergence  in  scattering  angle  dependence  near  90°  between 
Tatarskii's  theoretical  expression  and  the  extensive  experimen- 
tal results  of  Kallistratova  [1959]  prompted  Monirt  [1962]  to 
reexamine  the  derivation.  Monin's  analysis  obtained  the  same 
results  found  earlier  by  Batchelor  and  again  expressed  the  total 
cross  section  as  the  sum  of  a  velocity-dependent  and  a 
temperature-dependent  part.  In  his  monograph  on  wave 
propagation  in  turbulent  atmospheres  and  its  revision, 
Tatarskii  [1959,  1971]  collected  a  wealth  of  results,  many  from 
his  previous  papers,  on  the  propagation  and  scattering  of  light 
and  high-frequency  sound.  These  results  included  amplitude 
and  phase  structure  functions,  two-dimensional  spatial  spectra 
of  amplitude  and  phase  for  planes  perpendicular  to  the 
propagation  path,  and  the  frequency  spectrum  of  the 
amplitude  fluctuations  in  a  CW  wave  propagating  through  tur- 
bulence convected  by  a  mean  cross  wind. 

Most  of  the  results  of  Tatarskii,  mentioned  above,  required 
the  condition  of  wavelengths  X  much  less  than  the  inner  scale 
of  turbulence  l0.  By  calculating  the  two-dimensional  acoustic 
amplitude  and  phase  spectra  for  line-of-sight  propagation 
without  this  condition,  Clifford  and  Brown  [1970]  found  that 
the  theory  remained  valid  for  sound  waves,  at  least  for 
wavelengths  up  to  the  outer  scale  of  turbulence  L0.  Their  result 
implies  that  most  of  the  material  in  Tatarskii's  monographs 
applies   to   sound    propagation    in    both    audible   and   high- 
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frequency  ranges.  The  present  paper  reviews  some  recent  work 
by  Brown  [1972,  1974],  Clifford  and  Brown  [1974],  and  Brown 
and  Clifford  [1973a,  b]  on  the  effect  that  convection  of  tur- 
bulence by  a  mean  crosswind  has  on  the  scattering  cross  sec- 
tion and  various  forwardscatter  and  backscatter  spectra.  The 
review  makes  no  pretense  of  completeness,  especially  with 
regard  to  the  large  amount  of  work  presently  underway  to 
deepen  and  strengthen  the  line-of-sight  propagation  theory  by 
avoiding  the  Born  single-scatter  approximation. 

Acoustic  Equation 

Since  even  linearized  sound  propagation  in  a  turbulent 
medium  obeys  an  equation  more  complicated  than  the  wave 
equation,  convection  of  turbulence  by  a  mean  wind  produces 
more  changes  than  just  the  addition  of  a  convective  term  to  the 
time  derivative  operator.  The  form  of  the  propagation  equa- 
tion most  amendable  to  useful  solution  appears  in  the  form  of 
the  scattering  equation,  the  propagation  equation  for  the 
scattered  wave  assuming  the  single-scatter,  or  Born,  ap- 
proximation. This  approximation  reduces  the  propagation 
equation  to  an  inhomogeneous  wave  equation  and  reduces  the 
changes  introduced  by  a  mean  wind  to  the  addition  of  the  con- 
vection operator  and  an  alteration  of  the  inhomogeneous,  or 
source  term. 

The  most  convenient  form  of  the  scattering  equation 
appears  with  wave  number  k  =  u>/c0  rather  than  time  as  the  in- 
dependent variable  {ui  is  arbitrary  angular  frequency,  and  c0 
the  mean  sound  speed).  The  Fourier  transform  of  a  function  of 
time,  F(k)  =  5  f(c0t),  or 


F(k) 


=  (2ir)"'c„   J      dieUr"'l(c„t)  ( 


II 


associates  the  product  of  two  functions /(<v)g(<V)  w ith  the 
convolution  product  F{k)  *  G{k)   =   $[/  (c„i)g(c„t)},  or 


F(k)  *  G(k) 


dk'  F(k  -  k')G(k') 


(2) 


The  operator  5  associates  the  quantities  N'(k),  P(k),  P'(k) 
with  the  refractivity  fluctuations  n'(c0t),  the  mean  or  initial 
sound  pressure  p(c0t),  and  the  scattered  sound  pressure  p\c0i), 
respectively.  Given  a  mean  wind  with  the  components  w,,  i  = 
l,  2,  3,  and  the  related  Mach  vector  m,  =  w,/c0.  Brown  [ 1 972] 
obtained  the  scattering  equation  in  the  form 


AP'  +  (k  +  imjSjfP'  =  2^(A"  *  8 ,'P) 


(3) 


where  dt  =   d/dx,,  repeated  indices  are  summed,  and  A   = 
Sid,. 

When  isotropic  'frozen'  turbulence  convected  by  a  mean 
wind  (Taylor's  hypothesis)  is  assumed,  the  spatial  Fourier 
transform 


N'(k)  =    I  <AMO  exp  (/.\>,)  Mk 


"',<>',) 


(4) 


relates  the  refractivity  fluctuations  N'{k)  over  the  physical 
space  x,  to  the  Fourier-Stieltjes  measure  d<t>(*,)  of  the  fluc- 
tuations over  the  Fourier  space  with  coordinates  k,.  i  =  1,2,  3. 
Here,  b  is  the  Dirac  measure  satisfying  the  condition  I  dx  f(x) 
Hx)  ~  /(0)  for  any  function  f(x).  For  isotropic  turbulence 
with  the  three-dimensional  spectrum  of  refractivity  fluc- 
tuations <J>n(x),  denoting  the  complex  conjugate  by  a 
superscript  dagger,  d<t>(K,)  satisfies 


(d(t>(K,)  d<}><  (k,')>  =  *„(k)6(k,  -  «,')  aV,  aV 


(5) 


where  k  is  the  magnitude  of  k,  and  the  angle  brackets  denote  an 
ensemble  average. 


For  the  case  of  a  single-frequency  CW  initial  wave,  P(k) 
becomes  6(&k)P0(k),  where  &k  =  k  —  k0  with  k0  the  carrier 
wave  number;  and,  the  source  term  reduces  to  2dj[N' 
(ku)PjP0{k)].  Then,  the  effects  of  a  nonzero  mean  wind  ap- 
pear only  in  the  addition  of  two  convective  terms,  the  ad- 
ditional operator  im,8,  in  (3),  and  the  additional  argument 
—ffijKj  of  the  Dirac  measure  in  (4).  The  following  sections  dis- 
cuss various  useful  forwardscatter,  backscatter,  and  CW- 
dependent  solutions  of  (3). 

Wind  Distortion  of  the  Scattering  Cross  Section 

In  the  introduction  earlier  work  on  the  farfield  cross  section 
for  scattering  of  sound  by  refractivity  fluctuations  with  zero 
mean  wind  was  reviewed.  Since  the  change  in  solutions  of  (3) 
with  mean  wind  for  the  case  of  a  single-frequency  CW  initial 
wave  depends  only  on  refractive  effects,  Snell's  law  relates  the 
initial  and  scattered  wave  vectors  k0  and  k,,  respectively,  in  a 
coordinate  system  fixed  at  the  ground  to  the  initial  and 
scattered  wave  vectors  fc0  and  k,,  respectively,  in  a  coordinate 
system  moving  with  the  mean  wind.  Georges  and  Clifford 
[1972,  1974]  have  studied  integrated  refractive  effects,  such  as 
ray  bending,  and  found  them  to  be  small,  at  least  for  echo 
sounding  to  the  top  of  the  boundary  layer.  Clifford  and  Brown 
[1974],  however,  obtained  significant  changes  in  the  cross  sec- 
tion for  scattering  angles  at  or  below  90°  due  to  the  shifts  in 
the  wave  vectors. 

Assume  a  horizontally  stratified  atmosphere,  that  is,  zero 
wind  below  a  certain  height,  and  a  mean,  not  necessarily 
horizontal,  wind  convecting  turbulence  above  that  height.  For 
convenience,  define  the  unit  direction  vectors  e0  =  k0/k0,  e,  = 
k,/A|.  e0  =  k0/£0,  and  e,  =  k,/k,.  In  the  moving  medium  the 
Kraichnan-Lighthill-Batchelor  form  of  the  scattering  cross 
section  becomes 


cr(0) 


7T    .-   2,. 

2  kt>  (e 


K)   ,    (1  + 


__e,rej)E(_K) 

27r<r„5K5 


(6) 


where  "d  =  arcos  60  •  c„  K1  =  2k<,\\  -  60  *  *i).  T0  is  the  mean 
temperature.  <t>r  is  the  three-dimensional  spectrum  of  the 
temperature  fluctuations,  and  E(K)  the  spectrum  of  the  kinetic 
energy.  For  audible  and  high-frequency  sound,  and  when  #  is 
not  too  close  to  zero,  the  inertial  forms  of  the  spectra  give 
good  approximations.  From  Tatarskii  [1971],  the  inertial 
range  forms  of  the  spectra  are  4>r(A)  =  0.033Cr2A'_  "/3  and 
E(K)  =  0.76C„2/i~5/3,  where  CT  and  Cu  are  the  respective 
temperature  and  velocity  structure  constants. 

Suppose  an  initial  acoustic  beam  launched  at  an  elevation 
angle  <j>0  and  a  scattered  wave  received  at  an  elevation  angle  0,, 
with  the  apparent  scattering  angle  8  =  tj>0  +  0,.  Define  the 
magnitude  of  the  components  of  the  mean  wind  in  the  initial 
and  scattered  directions  by  m„  =  e0  •  m  and  m,  =  e,  •  m,  where 
m  is  the  vector  with  components  m  =  (w,/c0).  Then,  for  angles 
not  too  close  to  grazing,  such  that  sin2  <j>0  »  2m0  and  sin2  0, 
>  >  2m,,  use  of  Snell's  law  implies  [see  Clifford  and  Brown, 
1974,  for  the  details]  that  the  scattering  cross  section  in  coor- 
dinates fixed  at  the  ground  becomes 
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where  M  =  1  +  in„  +  /»,,  1  =  02/sin  0,,  and  the  square  ol 
the  log  amplitude  xa  =  M  sin"  (0/2)  -  (l/2)w„(l  +.2)  - 
(l/2)///,(l  +  1"  ').  When  (he  mean  wind  vanishes,  ni„  =  in,  = 
0.  M  =  I.  and  (7)  reduces  to  equation  (23)  ol  Taiarskii  [1971, 
chapter  2]. 

For  apparent  backscatter  0  =  k,  both  2)  and  x  reduce  to 
one.  Then,  except  for  the  factor  (1  -  m„Y  \  which  differs  only 
negligibly  from  1  when  rti0  «  1 ,  the  backscatter  cross  section 
becomes 

am(7r)  =  0.0O4*„"3  (1    -  W0),/3  Ct'/To1   -   <r„(ir)         (8) 

approximately  the  same  as  the  backscatter  cross  section  o„(7r) 
in  Taiarskii  [19/1].  However,  (7)  gives  nonnegligible  wind- 
induced  distortion  of  the  scattering  cross  section  at  apparent 
scattering  angles  equal  to  or  smaller  than  90°.  Eor  example, 
for  6  =  90°  with  a  launch  angle  of  0O  =  45°,  the  wind-distorted 
cross  section  becomes 

trm(ir/2)  *  275w2ff„(7r)  (9) 

Typical  values  of  m,  ranging  from  0.01  to  0.0?.  give  the 
result  that  <rm(7r/2)  varies  between  3  and  70*%  of  the 
backscatter  signal  strength.  Even  larger  percentages  for  am{6) 
occur  as  8  approaches  the  critical  angle. 

Figure  I  shows  curves  of  the  normalized  scattering  cross  sec- 
tion am(S)/(To(ir)  as  a  function  of  apparent  scattering  angle  6 
seen  from  the  ground,  with  the  various  values  of  the  parameter 
y  =  C2T2/CT2ca2,  for  the  example  of  a  45°  launch  angle  and  a 
mean  horizontal  wind  of  magnitude  0.05<r„. 

Frequency  Spectra 
Many  assumptions  such  as  the  conditions  of  homogeneous 
isotropic  inertial  range  and  frozen  turbulence  permit  easy 
solutions  of  acoustic  scattering  problems  and  give  results  that 
agree  well  with  many  past  observations.  However,  the  validity 
of  the  assumptions,  considered  as  representing  approximate 
models  of  the  atmosphere,  depends  on  the  choice  of  the 
echosonde  parameters  and  the  true  state  of  the  atmosphere.  A 
number  of  optical  researchers  [see  Clifford.  1974)  have  found 
that  the  single-scatter  assumption  restricts  the  agreement 
between  theoretical  and  experimental  log-amplitude  variance 
for  line-of-sight  propagation  on  limited  path  lengths  and 
strength  of  turbulence.  The  observed  variance  fails  to  increase 
with  increasing  C„,  as  is  predicted  by  the  single-scatter  theory. 
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Fig.  1 .  Scattering  cross  section  <x  as  a  function  of  apparent  scatter- 
ing angle  6,  with  ratio  m  of  mean  wind  to  speed  of  sound  and  y  = 
CiTo/Cko  as  parameters. 


±&k/mk0 

fig.  2      Spectral  factors  lor  temperature  and  velocity  fluctuations  HT 
and  //i    as  junctions  ol  Sk,nik„. 


Such  a  'saturation'  phenomenon  should  occur  for  line-of-sight 
acoustic  beams  when  the  quantity  /c07/6L'"6C„2  *  1,  where  L  is 
the  path  length  and  C„  the  structure  constant  of  refractivity 
fluctuations. 

One  of  the  main  purposes  for  the  study  of  frequency  spectra 
concerns  the  measurement  of  the  mean  wind.  For  the  simplest 
configuration,  the  monostatic  echosonde,  the  component  of 
the  mean  wind  parallel  to  the  beam  produces  a  proportional 
Doppler  shift  in  the  frequency  of  the  spectral  peak.  Although 
it  is  not  yet  exploited  and  is  of  unknown  accuracy,  the 
broadening  of  the  spectrum  depends  on  the  magnitude  of  the 
component  of  the  mean  wind  transverse  to  the  beam.  Essen- 
tially, convection  of  turbulence  across  the  echosonde  beam  by 
a  transverse  mean  wind  produces  random  frequency  modula- 
tion of  the  beam  frequencies  and  thus  broadens  the  spectrum. 
More  complex  echosondes  such  as  the  bistatic  or  tristatic 
systems  permit  measurement  of  the  complete  three- 
dimensional  vector  mean  wind  field  up  to  the  range  limit  of  the 
systems.  However,  measured  frequency  spectra  also  provide 
other  atmospheric  parameters,  such  as  the  structure  constants 
of  the  temperature  and  velocity  fluctuations. 

Clearly,  the  above  assumptions,  such  as  the  condition  of 
frozen  turbulence,  play  an  important  part  in  the  theoretical 
study  of  frequency  spectra.  For  example,  in  the  absence  of 
mean  wind,  frozen  turbulence  would  have  no  time  dependence 
and  thus  no  spectral  broadening.  The  study  of  frequency  spec- 
tra represents  a  step  in  sophistication  beyond  that  of  scattering 
cross  sections.  The  greater  dependence  of  frequency  spectra  on 
the  validity  of  the  above  assumptions  implies  a  greater  chance 
of  inaccuracy  in  the  measurements.  On  the  other  hand,  fre- 
quency spectra  can  become  powerful  tools  to  explore  the 
ranges  of  atmospheric  and  echosonde  parameters  for  which 
the  various  assumptions  above  yield  valid  approximations. 

Spectra  for  Line-of-Sight  Propagation 
In  the  first  considerations  of  a  frequency  spectrum,  Taiarskii 
[1959]   obtained   the   spectrum    Wcw(f)  =    Wcw(k)/4irc0   of 
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amplitude  fluctuations  in  a  CW  plane  wave  propagating 
through  turbulence  convected  by  a  transverse  mean  wind  (f  = 
(ji/2ir  is  ordinary  positive  frequency,  whereas  k  is  positive  or 
negative  wave  number).  Clifford  [1971]  has  generalized 
Tatarskii's  results  to  propagation  of  spherical  waves.  The 
difficulty  associated  with  including  phase  information  in 
measurements  of  light  or  ultrasound  and  astronomical 
problems  with  scintillations  of  starlight  led  to  the  initial  in- 
terest in  the  frequency  spectra  of  the  amplitude  fluctuations. 
For  plane  waves,  Tatarskii's  result  has  the  form 

(SO) 


Wcwik) 


=   2f    «        «™ 

Jk/m  ('"£       — 


(10) 


where  m  is  the  Mach  number  of  the  transverse  wind,  FA(£,  0)  is 
the  two-dimensional  spatial  spectrum  of  the  amplitude  fluc- 
tuations [see  Clifford  and  Brown.  1971]  over  the  transverse 
Fourier  space  with  the  coordinates  na,  a  =  1,2,  and  where  £ 2  = 

KaKa. 

Brown  and  Clifford  [1973a]  have  studied  the  effect  of  chang- 
ing from  a  CW  wave  to  a  pulse.  For  a  linear  system,  if  a  se- 
quence of  operations  on  a  wave  occurs  in  time,  the  correspond- 
ing sequence  in  frequency  becomes  a  set  of  convolution 
products  with  respect  to  wave  number  k.  Since  power  spectra 
depend  on  the  product  of  such  sequences  with  their  complex 
conjugates,  in  general,  they  will  not  also  have  the  form  of  a 
sequence  of  k  convolutions  of  the  modulus-squared  factors  of 
the  wave.  However,  for  forwardscatter  of  a  pulse  only  two 
operations  take  place:  formation  of  a  pulse  with  half  length  / 
having  an  envelope  spectrum  £>0(AA.)  and  single  scatter  in  the 
wave  while  it  propagates  through  the  turbulence.  For 
stationary  turbulence  (including  cases  with  a  nonzero  constant 
mean  wind)  the  stationarity  condition  introduces  a  Dirac  b 
measure  into  the  ensemble  average  of  the  modulus-squared 
Fourier-Stieltjes  measures  of  the  turbulent  fluctuations.  As  a 
consequence  the  frequency  spectrum  of  the  amplitude  fluc- 
tuations of  a  pulse,  again,  reduces  to  the  form  of  a  sequence  of 
convolutions.  In  particular,  Brown  and  Clifford  [1973a]  found 

Wp(k)  =  (*■//)  D0\k)  *   Wcw(k)  (11) 

where  p  is  pulse.  Note  the  shift  in  the  center  of  Z)02  from  the 
carrier  wave  number  k0  to  zero.  Since  the  spectrum  has  a  peak 
near  the  wave  number  m(k0/L)in  determined  by  the  mean 
transverse  wind  and  the  Fresnel  zone  size  (XL)"2,  with  L  the 
path  length,  the  convolution  operation  in  (12)  both  broadens 
the  spectrum  and  shifts  the  peak  to  smaller  wave  numbers. 
(Note  also  that  during  the  transformation  of  integration 
variables,  Brown  and  Clifford  [1973a]  drop  a  factor  2,  and  thus 
their  result,  (23),  should  be  doubled). 

The  advent  of  echosondes  operating  in  the  audible  fre- 
quency range  suggested  the  need  for  the  power  spectrum  of 
the  forwardscatter  pressure  wave  itself,  that  is,  including  both 
amplitude  and  phase  information.  In  another  paper.  Brown 
and  Clifford  [19736]  obtained  the  spectral  density  of  the 
acoustic  intensity  due  to  propagation  of  a  sound  pulse  through 
turbulence  convected  by  a  mean  cross  wind,  and  also  obtained 
the  equivalent  width  bs  of  the  spectrum  as  a  function  of  the 
wind.  When  weak  single  scattering  is  assumed,  the  propaga- 
tion broadening  depends  solely  on  the  ratio  of  wind  speed  to 
the  outer  scale  of  turbulence  L0  and  is  independent  of  the 
strength  of  turbulence  and  total  propagation  distance  L. 
Further,  for  an  atmosphere  with  variable  outer  scale  and  with 
wind  shear,  the  highest  ratio  of  transverse  wind  to  outer  scale 
encountered  by  the  pulse  primarily  determines  the  amount  of 
broadening  of  the  spectrum. 


The  remarks  on  the  convenient  effect  that  the  stationarity 
condition  has  on  the  form  of  the  forwardscatter  amplitude 
spectrum  apply  equally  to  the  spectral  density  of  the  intensity 
I(k).  Writing  Ak  =  k  -  k0  as  before,  Brown  and  Clifford 
[19736]  found  that  the  frequency  spectrum  of  the  pressure  for 
a  CW  wave  has  the  form 

L0/m 


Iru(Ak)  =  \kfLCfW 


[1  +  (Ljmf  M'2Y 


(12) 


where  C„  is  the  structure  constant  of  the  refractivity  fluc- 
tuations as  defined  by  Tatarskii  [1959].  Using  similar  reason- 
ing as  that  for  the  amplitude  spectrum  W(k),  the  frequency 
spectrum  for  a  pulse  becomes 


IJAk)  =  (ir/l)D02(Ak)  *Ak  lcw(Ak) 


(13) 


where  the  symbol  A/c  under  the  asterisk  indicates  that  the  con- 
volution is  with  respect  to  A/c  rather  than  k.  Note,  moreover, 
that  k0  is  the  central  wave  number  of  both  D02  and  ICw,  so  that 
the  mean  cross  wind  broadens  the  spectrum  without  shift  in 
the  location  of  the  peak. 

The  equivalent  spectral  width  bs  gives  a  convenient  measure 
of  the  amount  of  broadening  produced  by  wind.  This  width  is 
defined  by  the  ratio  j  dk  /(/c)//(0),  that  is,  the  ratio  of  the 
total  scattered  intensity  in  all  wave  numbers  to  the  peak  of  the 
spectral  density.  For  path  lengths  much  greater  than  those  of 
the  outer  scale  L  »  L0  [Brown  and  Clifford,  19736], 


b,  *  (*■//)(  1  +  ml/L0) 


(14) 


for  the  equivalent  width  of  the  spectrum  /(A/c).  The  result  as- 
sumes weak  scattering  (less  than  1  rad  phase  change  per  eddy). 
The  most  effective  eddy  size  is  the  outer  scale  L0,  since  it 
produces  the  maximum  phase  deviation,  an  effect  more  impor- 
tant for  determining  the  change  in  bandwidth  than  the  higher 
frequency  but  smaller  amplitude  phase  modulation  produced 
by  smaller  eddies  drifting  with  the  same  velocity. 

Backscatter  Spectra 

When  a  mean  transverse  wind  in  the  atmosphere  convects 
turbulent  eddies  through  the  volume  elements  that  produce  the 
backscattered  wave  during  echo  sounding,  again,  a  random 
frequency  modulation  and  spectral  broadening  occurs. 
However,  the  process  becomes  more  complicated  than  that  in 
forwardscatter  and  depends  strongly  on  the  receiver  beam  half 
angle  \p  or  equivalently  the  effective  receiver  diameter-to- 
wavelength  ratio  p.  The  consideration  of  frequencies  in  the 
lower  part  of  the  audible  range  for  echo  sounding  makes 
achievement  of  small  beam  angles  difficult.  Then,  the  validity 
of  the  far  field  approximation,  that  the  linear  dimension 
(measured  in  wavelengths)  of  the  scattering  volume  is  much 
smaller  than  the  range  (measured  in  wavelengths),  becomes 
questionable. 

The  volume  elements  that  contribute  (with  weights  depen- 
dent on  the  beam  pattern)  to  the  signal  of  an  isotropic  receiver 
located  on  the  ground  lie  in  a  spheroidal  half  shell.  If  R  is  the 
echosonde  range,  the  mean  radius  of  the  shell  varies  from  R  at 
the  zenith  to  2R  at  the  horizon.  Similarly,  if  the  echosonde  uses 
a  pulse  of  half-length  /,  the  thickness  of  the  shell  varies  from  / 
at  the  zenith  to  2/  at  the  horizon.  Recently,  Brown  [1974]  found 
that  the  eddy  scale  parallel  to  the  direction  between  differential 
scattering  to  element  and  the  receiver  varies  from  the  expected 
A/2  at  the  zenith  to  X/(2)1/2  at  the  horizon,  and  that  the  cor- 
responding traverse  scales  vary  from  the  outer  scale  L0  at  the 
zenith   to   A   at   the   horizon.   Since  the  angle  that  a  wind 
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transverse  to  the  echosonde  axis  makes  with  the  above  direc- 
tion to  a  scattering  element  also  varies  with  elevation,  the  total 
effect  on  the  broadening  of  the  frequency  spectrum  becomes 
quite  complicated.  For  a  nonisotropic  receiver,  only  part  of 
the  scattering  shell  contributes  effectively  to  the  signal,  and  in 
the  limit  as  i/<  ->  0  the  broadening  drops  to  zero. 

Fortunately,  since  mean  winds  below  some  value,  say,  0.5 
m/s,  are  of  little  interest  in  the  problem,  simpler  solutions 
become  useful  approximations.  For  typical  echosonde 
parameters  and  for  winds  above  such  a  lower  limit  the 
parameter  mk0l  takes  on  values  much  greater  than  3ir/2, 
perhaps  in  the  range  between  10  and  several  hundred.  For  such 
values,  Brown  has  obtained  the  following  approximate  solu- 
tion for  the  frequency  spectrum  of  the  pressure  as  a  function  of 
wave  number  k  and  the  receiver  beam  parameters  \p  or  p 

C  2 

I(k)  =  0.0105/V73  ipi  (mk0iyl 

*  0 


[HT(r,,  P)  +  y2Hv(n,  P)]         r,2  <   1 


(15) 


where  v  =  Ak/mk0,  y  =  CvT0/CTc0,  and  the  temperature  and 
velocity  dependent  spectral  factors  Hr  and  Hv<  respectively, 
appear  in  Figure  2.  Note  that  if  the  intensity  of  temperature 
fluctuations  falls  much  below  that  of  velocity  fluctuations,  the 
vector  character  of  the  velocity  produces  a  doubly  peaked 
spectrum.  Note,  also,  that  even  for  very  small  beam  angles  the 
importance  of  the  velocity  fluctuation  factor  outweighs  that 
for  temperature  beyond  wave  numbers  about  halfway  to  the 
limit  mk0  of  influence  of  turbulence.  By  way  of  contrast,  the 
backscatter  broadening  depends  on  the  parameter  m//(X/2), 
that  is,  on  the  X/2  size  eddies  chiefly  responsible  for  the 
backscattering,  whereas  the  forwardscatter  broadening 
depends  on  the  parameter  ml/L0,  that  is,  on  the  largest,  or  L0 
size  eddus  responsible  for  the  largest  phase  shifts. 

Conclusions 

Recent  papers  have  studied  a  number  of  effects  of  nonzero 
mean  wind  on  the  scattering  of  sound  by  turbulent  refractivity 
fluctuations.  These  effects  include  the  deformation  of  the 
scattering  cross  section  at  or  below  scattering  angles  of  90° 
and  the  broadening  of  frequency  spectra.  The  analysis  presents 
specific  formulas  for  the  wind-broadened  forwardscatter  spec- 
tra of  the  pressure  and  the  amplitude  of  the  pressure  and  for 
the  wind-broadened  backscattered  spectrum  of  the  pressure. 
The  results  have  immediate  applications  both  for  determining 
the  accuracy  of  echosonde  measurements  and  for  providing 
additional  sensitive  parameters  for  remote  sensing  of  at- 
mospheric structure. 
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INFRASOUND    FROM  THE   29-30   APRIL   1970    STORMS 

T.    M.    Georges   and   Gary   E.    Greene 

Wave  Propagation  Laboratory 
Boulder,    Colorado      80302 


We    report    the    observable    features    of    infrasound 
recorded    at    Boulder,     Colorado,     and     San    Diego,     California, 
during    the    subject    storm.       Tr iangu la t ion    indicates    that 
the    emissions    originated    in    north-central    Texas,    not    in 
the    Oklahoma    City    area. 

1 .  BACKGROUND 

Infrasound  is  the  name  given  to  a  class  of  acoustic  waves  whose  frequen- 
cies are  subaudible  but  which  travel  through  the  atmosphere  at  essentially  the 
local  speed  of  sound.  A  long-period  limit  for  acoustic  waves  exists  at  the  at- 
mosphere's acoustic-cutoff  period,  about  four  minutes  in  the  troposphere. 

Many  kinds  of  natural  infrasound  have  now  been  classified,  but  adequate 
models  of  natural  source  mechanisms  exist  for  only  a  few.   Georges  and  Young 
(1972)  review  techniques  for  observing  infrasound  with  arrays  of  microbaro- 
graphs  and  current  knowledge  about  many  different  kinds  of  natural  infrasound. 

It  has  been  known  for  over  a  decade  that  certain  convective  storms  emit 
infrasound  powerful  enough  to  be  detected  over  1500  km  away,  but  the  precise 
emission  mechanism  remains  unknown.   These  waves  typically  have  amplitudes  of 
about  one  microbar,  periods  between  about  10  and  60  sec,  and  persist  for  one  or 
two  hours.   More  recently,  a  connection  has  been  found  between  certain  severe 
storms  and  a  particular  class  of  wavelike  oscillations  in  the  ionospheric  F 
region,  200  to  300  km  above  the  ground.   These  waves  were  observed  with  ground- 
based  radio-echo  sounders  and  have  periods  between  two  and  five  minutes. 
Georges  (1973)  has  recently  reviewed  the  history  and  phenomenology  of  both  of 
these  manifestations  of  severe-weather  infrasound. 

The  purpose  of  this  paper  is  to  report  the  characteristics  of  infrasound 
recorded  at  four  microbarograph  arrays  during  the  particular  storm  system  that 
is  the  subject  of  the  other  papers  in  this  report.   Only  by  comparing  the 
details  of  the  emissions  with  the  spatial  and  temporal  characteristics  of 
storm  observables,  such  as  those  presented  by  the  companion  papers  in  this 
report,  is  much  progress  toward  discovery  of  the  emission  mechanism  likely. 
Conversely,  it  does  not  seem  unreasonable  to  hope  that  discovery  of  the 
mechanism  might  in  turn  shed  some  light  on  severe-storm  dynamics. 

2.  PROCEDURE 

Data  recorded  at  four  microbarograph  observatories  during  the  interval 
0000  to  1500  UT  (1800-0900  CST)  on  29-30  April  were  examined  for  evidence  of 
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acoustic  arrivals  from  the  Texas-Oklahoma  vicinity.   The  four  observatories 
are  at  Boulder,  Colorado  (NOAA) ,  Washington,  D.  C.  fNOAA) ,  Pullman,  Washington, 
(Washington  State  University)  and  San  Diego,  California  (Naval  Electronics 
Laboratory  Center).   These  are  the  only  locations  in  the  continental  U.  S. 
where  suitable  recordings  were  being  made  at  the  time  and  from  which  records 
are  still  available. 

We  analyzed  analog  tape  recordings  of  pressure  fluctuations  from  four 
microbarographs  at  each  observatory  by  means  of  the  NOAA  Analog  Correlator 
(Brown,  1963,  Georges  and  Young,  1972),  which  automatically  performs  cross- 
correlation  analysis  to  yield  the  speed  and  direction  of  coherent  wave 
arrivals.   In  cases  where  acoustic  wave  arrivals  were  detected  from  roughly  the 
correct  direction  and  lasted  for  more  than  a  few  minutes,  we  measured  arrival 
azimuth  in  each  five-minute  interval  in  which  wave  coherence  (in  the  sense 
defined  by  Georges  and  Young)  exceeded  a  certain  threshold.   That  threshold 
is  determined  from  experience  in  making  realiable  wave  measurements  with  the 
analog  correlator  and  is  essentially  equivalent  to  a  broadband  wave  coherence 
of  about  0.2  over  the  microbarograph  array.   Wave  coherence  is  affected  not 
only  by  propagation  effects  that  cause  "corrugations"  on  the  wave  fronts  but 
also  by  non-acoustic  "noise"  at  the  sensors  due  to  wind-advected  turbulence 
and  atmospheric  gravity  waves.   During  the  intervals  studied  here,  background 
noise  level  remained  sufficiently  low  that  we  can  assume  that  the  variations 
in  wave  coherence  during  high  S/N  intervals  are  due  primarily  to  variations  in 
wave  strength.   (The  variations  during  low  S/N  intervals  may  be  caused  by 
noise-level  fluctuations,  however.)   The  only  exception  is  that  high  ambient 
noise  began  at  Pullman  at  0800  UT,  precluding  signal  detection  thereafter. 

Frequency  content  of  the  waves  is  estimated  by  passing  the  signal  through 
a  narrow-band  filter  with  adjustable  center  frequency  and  recording  the 
frequencies  of  the  two  or  three  dominant  frequency  peaks  that  the  signals 
usually  exhibit.   The  portion  of  the  wave  frequency  spectrum  searched 
corresponds  roughly  to  the  20  dB  points  on  the  overall  frequency  response  of 
the  recbrding  and  processing  system,  namely  between  wave  periods  of  about  2 
and  100  sec. 

3.   RESULTS 

Strong,  persistent  infrasonic  waves  were  detected  at  only  two  of  the  four 
observatories,  namely  Boulder,  Colorado  and  San  Diego,  California.   Weak  waves 
of  short  or  intermittent  duration  appeared  in  data  recorded  at  Washington,  D.  C. 
and  Pullman,  Washington,  so  that  it  was  possible  to  make  only  spot  estimates 
of  wave  parameters. 

Because  some  storm  systems  have  been  known  to  produce  strong  waves 
detectable  several  thousand  kilometers  away,  the  emissions  from  this  system 
must  be  regarded  as  considerably  less  intense  than  the  strongest  waves  observed 
from  other  storms.   Maximum  wave  amplitude  at  Boulder  was  about  0.7  microbars 
and  at  San  Diego  was  about  0.6  microbars. 

Figure  1  summarizes  the  history  of  the  important  wave  obs'ervables  at 
Boulder  during  the  period  of  interest,  and  figure  2  presents  similar  information 
for  the  San  Diego  data.   The  lower  part  of  each  figure  is  a  time  history  of 
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the  azimuth  of  wave  arrival.   Reference  locations  are  noted  on  the  azimuth 
scale.   Error  bars  indicate  the  probable  error  associated  with  azimuth 
determinations  in  the  presence  of  noise  and  a  finite  sensor-array  beamwidth, 
but  are  not  intended  to  indicate  errors  associated  with  refractive  effects 
of  the  propagation  medium.   Experience  with  many  signals  from  known  sources 
suggests  that  bearing  errors  due  to  propagation  effects  seldom  exceeds  3°. 
Note  that  the  indicated  times  are  all  times  of  wave  arrival  at  the  various 
observatories  and  have  not  been  corrected  for  acoustic  travel  time.   Such 
corrections  usually  amount  to  about  1100  km/hr,  or  in  the  case  of  propagation 
to  Boulder,  about  30  to  40  minutes  and  about  80  to  100  minutes  to  San  Diego, 
depending  on  the  exact  source  location  assumed. 

Brief  arrivals  at  the  other  observatories  are  noted  along  the  upper  and 
lower  time  scales  of  figure  1.  These  estimates  serve  mainly  to  confirm  the 
general  source  location  in  the  Texas-Oklahoma  area. 

The  top  parts  of  figures  1  and  2  plot  the  "signal-to-noise  ratio"  at 
Boulder  and  San  Diego  defined  by  S/N  =  R/(l-R),  where  R  is  the  broadband  wave 
coherence  over  each  sensor  array.   The  cause  of  the  rather  regular  fluctuations 
in  S/N  is  unknown;  they  may  represent  pulsations  of  source  strength,  regular 
fluctuations  in  noise  level  at  the  sensors,  or  propagation  effects  that  cause 
amplitude  scintillations  at  the  sensors.   Measurements  of  strong  waves  from 
nearby  storms  reveal  similar  fluctuations  in  source  strength  and  direction, 
suggesting  that  the  "pulsations"  are  a  source  property.   Therefore,  the  times 
when  S/N  is  largest  are  interpreted  here  as  the  times  (when  corrected  for 
propagation  time)  of  most   intense  emission. 

In  between  the  two  plots  of  figures  1  and  2  are  some  numbers  that  give 
the  results  of  wave  spectrum  analysis.   The  numbers  indicate  the  dominant 
wave  periods  (in  seconds)  present  at  the  indicated  times;  those  underlined 
indicate  that  the  spectrum  is  dominated  by  that  particular  wave  period.   In 
general,  the  spectral  content  varies  rapidly  with  time,  and  there  appears  to 
be  little  relation  between  wave  periods  seen  at  different  observatories  at  the 
same  time  (corrected  for  travel  time) . 

Figures  1  and  2  contain  enough  information  to  permit  us  to  calculate  a 
time  history  of  apparent  source  locations  by  triangulat ion  between  Boulder 
and  San  Diego.   However,  there  is  sufficient  difference  between  the  strength 
and  azimuth  histories  at  the  two  stations  that  there  is  some  difficulty 
matching  "event  for  event,"  which  is  necessary  for  meaningful  triangulation. 
The  best  match  seems  to  result  from  a  relative  time  shift  of  about  50  minutes, 
(Boulder  leading),  which  turns  out  to  be  a  theoretically  reasonable  travel- 
time  difference  for  a  source  in  north-central  Texas.   Although  major  differences 
in  strength  exist  between  the  two  stations,  it  is  possible  to  obtain  a  rough 
event-f or-event  match  between  the  S/N  records  at  Boulder  and  San  Diego  during 
the  interval  0300-1000  UT.   Between  1000  and  1400  weaker  waves  exhibiting 
greater  azimuth  scatter  were  present  on  Boulder  records,  whereas  no  significant 
waves  arrived  at  San  Diego  from  the  direction  of  interest. 

Using  a  50-minute  shift,  we  next  calculated  apparent  intersections  from 
corresponding  bearings  in  eight  15-20  min  time  "blocks"  suggested  by  azimuth 
groupings  and  S/N  "pulsations."   Blocks  7  and  8  yielded  intersections  well 
outside  the  geographical  region  of  interest,  whereas  blocks  1  through  6 
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Infrasound  Bearing  Intersections 
from  Boulder  and  San  Diego 
29  April  1970 


1 

2030- 

•2045 

2 

2115  - 

2135 

3 

2150- 

2210 

4 

2215  - 

2235 

5 

2245- 

2305 

6 

2335- 

2350 

Figure  3.  Tracks  of  infrasound  bearing  intersections  constructed  from 
the  azimuth-time  data  in  figures  1  and  2.  Track  numbers  correspond 
to  the  numbered  "events"  in  the  previous  figures. 
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NIMBUS   4     INFRARED    RADIOMETER 

30  APRIL  1970       0130  CST 


Figure  A.   A  partial  tracing  of  the  Nimbus  4  infrared  radiometer  temperature 
contours  obtained  during  the  passage  of  the  frontal  system  across  Texas 
and  Oklahoma  (outline  shown). 


191 


102 


yielded  the  intersection  "tracks,"  or  time  histories  illustrated  in  figure  3. 

In  view  of  the  various  azimuth  errors  inherent  in  both  the  wave  propagation 
and  in  the  data  processing,  the  significance  of  the  details  of  the  tracks  may 
certainly  be  questioned.   The  actual  source  locations  should  be  well  within 
100  km  of  those  indicated,  however.   For  reasons  arising  from  details  of  the 
propagation  mechanism,  there  may  be  some  justification  for  associating  more 
accuracy  with  the  locations  at  the  beginning  of  each  time  block,  than  with 
those  near  their  ends. 

4.   COMPARISON  WITH  OTHER  OBSERVATIONS 

Storm  Data  (NOAA,  1970)  reports  that  a  tornado  formed  in  southwest 
Oklahoma  at  2245  CST,  traveled  northeast  and  did  not  dissipate  until  reaching 
Stillwater  at  0200  CST.   Extensive  damage  was  reported  near  Oklahoma  City. 
The  track  connecting  these  beginning  and  end  points  is  sketched  on  figure  3, 
although  it  is  uncertain  that  the  tornado  followed  such  a  track  or  even  that 
only  a  single  tornado  was  involved.   (Such  observations  and  reports  are 
especially  questionable  when  events  occur  at  night.)   This  is  presumably  the 
same  event  studied  intensively  by  other  contributors  to  this  volume.   It  seems 
virtually  certain  that  the  infrasonic  waves  recorded  at  Boulder  and  San  Diego 
did  not  come  from  this  Oklahoma  storm,  but  rather  from  another  storm  system 
in  northern  Texas  that  was  evidently  part  of  the  same  widespread  squall  line. 

Davies  and  Jones  (1972)  have  reported  observing  the  previously  mentioned 
ionospheric  waves  during  the  passage  of  this  storm  system.   The  characteristic 
three-minute  waves  are  visible  between  about  0400  and  1200  UT  on  records  of  his 
ionospheric  soundings  made  near  Oklahoma  City.   Davies  and  Jones  show  that  at 
1045  UT  the  waves  come  from  the  southwest  of  Oklahoma  City,  indicating  possibly 
the  same  source  we  find. 

The  NOAA  Radar  Summary  Charts  show  a  line  of  storms  passing  across  north- 
central  Texas  during  the  interval  of  infrasound  generation.   Several  storm 
echoes  in  the  line  had  indicated  tops  over  40,000  feet,  with  highest  tops  at 
55,000  feet,  but  it  has  not  been  possible  to  identify  specific  storm  echoes 
with  the  inf rasound-source  locations. 

The  Nimbus  4  infrared  radiometer  measurements  during  this  storm  period 
provide  an  excellent  perspective  of  storm  activity  over  the  Texas-Oklahoma 
area  at  0730-0737  UT  (Wexler  and  Allison,  1972).   The  photograph  on  the  cover 
of  the  Preprint  Volume  for  the  15th  A.M.S.  Radar  Meteorology  Conference 
displays  a  color  analysis  of  an  IR  photograph,  reproduced  in  figure  4,  in 
which  the  coldest  temperatures  indicate  the  locations  of  highest  storm-cloud 
towers.  The   lower  storm  complex  is  closer  to  the  area  of  infrasound  emissions 
depicted  in  figure  3,  but  the  time  difference  (an  hour  after  block  6  arrived 
at  Boulder)  makes  a  direct  association  questionable. 
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Infrasound  from  Convective  Storms.  Part  IV.  Is  It  Useful  for  Storm  Warning? 

T.  M.  Georges  and  Gary  E.  Greexe 

Wave  Propagation  Laboratory,  A'O.1.1,  Boulder,  Colo.  S03U2 
(Manuscript  received  27  May  1('75,  in  revised  form  9  June  1975) 

ABSTRACT 

An  experiment  was  carried  out  lo  collect  statistics  on  the  observability  of  severe-storm  infrasound  at 
three  stations  during  the  1(>73  storm  season.  The  results  have  Ween  evaluated  with  the  help  of  four  "indices 
of  usefulness" : 


•  False-alarm  role,  which  tells  how  often  infrasound  from  other  sources  is  mistaken  for  that  from  storms. 
We  devised  a  sorting  procedure  thai  redui  es  the  false-alarm  rate  to  15  20'  ,  .  and  still  lower  rates  seem 
achievable. 

•  Detection  rate,  whit  h  tells  what  fraction  of  severe  storms  are  delected.  Here  the  big  problems  are  defin- 

ion  rale 

ion  rate  for 
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ing  what  we  mean  by  "severe  storm"  and  verifying  their  occurrence;  we  estimate  a  65' ,  detecli 
lor  tornadic  storms,  a  31'  ,  detection  rate  for  tornadoes  themselves,  and  a  33'  ,  detection  r 
storms  wiili  radar  tops  above  50,000  ft. 

•  Timeliness,  which  tells  how  mm  h  advance  warning  the  waves  give  compared  to  dangerous  storm  effects. 
Ii  was  prai  lical  to  consider  only  tornadoes  from  this  viewpoint,  and  we  found  that  the  emissions  tend 
to  precede  tornado  onset  b\  an  hour  or  so. 

•  Location  accuracy,  which  tells  how  well  the  emissions  can  be  used  to  locale  and  track  storms.  This 
index  is  hard  to  evaluate  quantitatively,  as  illustrated  l>>  the  six  cases  where  storms  were  seen  at  all 
three  station-.  Propagation  effects  and  measurement  uncertainty  presently  prevent  positive  identifi- 
cation and  tracking  of  a  particular  storm,  but  we  see  ways  to  improve  this. 

The  answer  in  I  he  title  quest  ion  is  th.it  the  emissions  show  promise  as  a  supplement  to  the  present  warning 
system.  A  question  remains  about  the  eost-elTecliveness  of  doing  the  additional  required  research  and  de- 
ploying an  operational  sensor  network. 


1.  Introductory  background 

In  the  first  paper  of  this  scries,  one  of  us  reviewed 
the  evidence  that  certain  severe  convective  storms  radi- 
ate infrasonit  pressure  waves  that  have  been  detected 
by  ground-based  microbarographs  thousands  of  kilo- 
meters away  from  their  source  and  at  ionospheric 
heights  by  radio  sounders  that  detect  the-  motions  of 
the  ionized  layers  there  (Georges,  l('7.vi).  Then  we 
looked  at  several  suggested  models  oi  the  emitting 
mechanism,  in  an  effort  to  define  theoretical  predictions 
of  each  model  that  could  be  toted  against  the  wave 
observations  (Georges,  1975).  Later,  Jones  and  Georges 
( 1975)  successful  1\  modeled  the-  propagation  elfei  ts  tli.it 
prevent  all  but  a  narrow-frequency  band  of  acoustic 
energy  from  reaching  the  ionosphere'. 

Here,  we  ask  a  question  of  more  immediate-  practical 
importance:  Can  the  emissions  be  used  to  warn  of  im- 
pending severe  weather  (especially  tornadoes)  or  to 
locate  and  track  severe  weather  in  progress? 

Some-  preliminary  answers  have  already  been  given 
(Georges,  1973b),  based  on  data  collected  only  at  the 
boulder,  Colo.,  observalorv  during'  the  1972  storm  sea- 


son. We  showed  that  over  one-half  of  the  infrasonic 
wave  events  logged  during  a  three-month  observing 
period  could  be  attributed  to  documented  convective 
storms,  and  that  over  one-half  of  those  storms  produced 
confirmed  tornadoes  or  funnel  clouds.  We  also  displayed 
the  diurnal  and  seasonal  occurrence  distributions  of  the 
storm-associated  waves  and  the  geographic  distribution 
of  the  storms  identified  as  sources.  All  were  consistent 
with  the  well-known  distribution  statistics  for  tornadic 
storms  in  the  Midwest.  This  connection  suggested  a 
possiblv  valuable  warning  capability. 

With  observations  from  only  one  observatory,  it  is 
possible  to  tell  only  the  direction  of  infrasound  arrival 
but  not  the  distance  to  its  source,  so  that  ambiguities 
about  source  location  sometimes  occur.  Furthermore,  a 
single  observatory  is  vulnerable  to  outages  caused  by 
even  moderate  local  winds.  For  example,  winds  at  the 
(relatively  quiet)  boulder  observatory  during  the  storm 
season  cause  a  background  poise  level  greater  than  1  ^b 
amplitude  about  25%  of  the  time  (see  Appendix  B). 

We  thus  needed  to  perform  a  more  definitive 
experiment,  designed  specifically  to  overcome  these 
limitations. 
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Fig.  1.  Location  of  the  three  microbarograph  observatories 
used  to  observe  severe-storm  infrasound  during  the  1973  storm 
season.  The  inset  shows  the  arrangement  of  the  four-sensor  array 
at  each  station.  The  dashed  arcs  show  1000  km  radii  from  the 
observatories,  roughly  their  expected  effective  range. 

2.  The  experiment 

To  this  end,  we  deployed  two  more  microbarograph 
arrays  to  record  storm  emissions  during  the  1973  season. 
With  three  observatories  instead  of  one,  we  thought  it 
should  be  possible  to  observe  more  storm  emissions  and 
to  triangulate  the  sources  of  most  of  the  emissions, 
rather  than  obtain  only  a  direction  of  arrival.  A  tri- 
angulation  capability  not  only  permits  a  more  accurate 
identification  of  a  given  wave  as  storm-related,  but  also 
is  essential  for  evaluating  the  waves'  storm-location 
potential. 

Guided  by  the  apparent  concentration  of  emitting 
storms  in  the  Midwest  during  the  1972  season,  we  lo- 
cated one  array  of  four  microbarographs  at  Rapid  City, 
S.  IX,  and  the  other  at  Estancia  (near  Albuquerque), 
N.  M.  (Fig.  1).  The  arrays  were  located  to  the  west  of 
the  predominant  source  region  because  of  a  now  well- 
known  directional  filtering  effect  on  infrasound  propa- 
gation caused  by  prevailing  (westward)  mesospheric 
winds  during  late  spring  and  summer  (Georges,  1973a; 
Bowman  and  Bedard,  1971).  These  winds  reverse  di- 
rection around  mid-May,  so  that  only  westward  propa- 
gation is  favored  thereafter. 

Typical  sensor  spacing  in  each  array  was  5  to  10  km, 
and  array  geometry  was  irregular.  The  microbarographs 
were  of  the  NBS  type  that  has  been  described  elsewhere 
(Matheson,  1964;  Georges  and  Young,  1972)  and  has  a 
sensitivity  of  about  0.01  jub  (10-8  atm).  The  spectral 
bandpass  of  the  sensing  and  processing  system  we  used 
has  20  dB  response  points  at  about  2  and  100  s  wave 
period.  Spatial  filters,  to  reduce  the  noise  of  wind- 
advected  turbulence,  were  constructed  of  200  ft  of 
rubber  hose  with  ports  ever)-  5  ft  and  attached  to  each 
sensor.  As  expected,  these  tillers  were  not  as  effective 
in  reducing  the  effects  of  wind  noise  as  the  more  elabo- 
rate filters  used  at  the  Boulder  observatorv  (1000  ft  of 


iron  pipe  connected  to  each  sensor).  Noise  statistics  for 
each  station,  shown  in  Appendix  B,  illustrate  this. 

During  the  interval  studied,  19  May  to  31  August 
1973,  pressure  was  recorded  on  magnetic  tape  in  analog 
form  at  all  three  stations.  The  tapes  were  processed 
(to  yield  azimuth  of  arrival  and  coherence)  on  the 
NOAA  analog-correlating  device  that  has  been  de- 
scribed elsewhere  (Brown,  1963;  see  also  Appendix  A). 

3.  Some  indices  of  usefulness 

To  provide  a  framework  for  our  analysis,  and  also 
one  in  which  to  state  our  results,  we  asked  the  following 
more  specific  questions  about  the  storm-identifying  and 
storm-locating  potential  of  infrasonic  waves: 

1)  How  often  could  infrasound  from  sources  other 
than  severe  storms  be  mistaken  for  waves  from  storms? 
If  this  happens  too  often,  there  will  be  too  many  "false 
alarms"  for  the  waves  to  be  useful  as  warnings.  We  call 
the  measure  of  this  property  of  the  emissions  the  false- 
alarm  rate. 

2)  What  fraction  of  severe  storms  emit  detectable 
infrasound?  If  the  fraction  is  too  small,  or  if  local  noise 
levels  at  the  sensors  are  high  too  often,  then  many 
severe  storms  would  be  "missed"  by  even  an  optimum 
infrasound-observing  network,  and  its  value  as  a  warn- 
ing system  would  be  correspondingly  small.  We  call  the 
measure  of  this  fraction  the  detection  rate.  Another  term, 
the  miss  rate,  or  failure-to-alarm  rale,  is  used.  It  is  just 
1  minus  the  detection  rate. 

3)  What  is  the  temporal  relationship  between  the 
observation  of  storm-related  waves  and  actual  severe 
effects?  If  the  waves  do  not  often  reach  the  sensors  in 
advance  of  severe-weather  effects,  their  warning  value 
is  nil.  We  use  the  term  timeliness  to  denote  this  property. 

4)  How  accurately  can  the  emissions  locate  and  track 
severe  storms,  and  how  does  this  accuracy  depend  on 
the  number  of  sensors  used?  The  term  location  accuracy 
refers  to  the  measure  of  this  ability. 

In  the  following  sections,  we  discuss  how  we  quanti- 
tatively estimate  these  four  indicators,  using  the  three- 
station  infrasonic  wave  observations  during  the  1973 
storm  season. 

For  future  use,  we  define  two  terms :  A  simple  warning 
system  employs  only  information  derivable  from  acoustic 
wave  observations,  for  example,  wave  velocity,  fre- 
quency, coherence,  and  even  apparent  source  location 
inferred  from  multiple  observatories.  This  is  to  be  con- 
trasted with  an  augmented  warning  system,  which  would 
supplement  acoustic  observations  with  other  "real- 
time" geophysical  monitors,  not  only  weather  and  storm 
(for  example,  radar)  information,  but  information  re- 
lated to  other  known  infrasound  sources  (for  example, 
geomagnetic  activity).  Such  an  observing  and  corre- 
lating system  is  obviously  much  more  expensive  and 
sophisticated  than  a  simple  one;  on  the  other  hand,  it 
may  be  relatively  easy  to  integrate  acoustic  information 
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into  an  existing  storm  sensing  and  warning  system,  if 
such  information  proves  useful.  We  will  consider  here 
mainly  the  capabilities  of  a  simple  warning  system. 

4,  False-alarm  rate 

The  way  we  estimate  and  minimize  false-alarm  rate 
is  to  try  various  objective  sorting  schemes  for  elimi- 
nating non-storm  waves.  The  sequential  scheme  we  de- 
veloped is  illustrated  in  the  flow  chart  of  Fig.  2.  Each 
sorting  criterion,  or  test,  is  based  on  our  prior  experience 
in  correlating  infrasonic  waves  with  severe  weather  and 
with  other  geophysical  phenomena.  The  particular  order 
of  the  tests  was  chosen  both  for  maximum  sorting 
efficiency  and  ease  of  application.  We  tried  different 
values  of  the  adjustable  parameters  in  each  test,  and 
to  some  extent,  optimized  them. 

The  wave  events  that  survive  this  sorting  process  are 
interpreted  as  possible  storm  emissions  (that  is, 
"alarms").  Some  alarms  are  actually  storm-related,  and 
some  are  not ;  the  fraction  that  are  not  is  the  false-alarm 
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FlG.  2.  A  "flow  chart"  of  the  sorting  process  devised  for  identi- 
fying severe-storm  infrasound.  Events  that  are  "dumped"  satisfy 
criteria  for  waves  from  non-severe-storm  sources;  those  that 
survive  the  sorting  are  presumed  to  be  storm  emissions.  We  did 
not  rind  the  last  two  sorting  steps  useful  and  ultimately  deleted 
them. 


rate.  By  comparing  the  wave  observables  with  inde- 
pendent geophysical  data,  especially  weather-radar 
charts,  we  estimated  the  most  likely  source  of  each 
alarm  wave.  We  say  an  acoustic  event  is  associated 
with  a  severe  storm  if  its  time  of  occurrence  (allowing 
for  acoustic  travel  time)  and  direction  of  arrival  (allow- 
ing for  instrument  tolerances  and  a  few  degrees  bearing 
error  caused  by  atmospheric  refraction)  coincide  with 
the  time  and  location  of  a  radar-indicated  storm  system 
with  indicated  storm  tops  exceeding  40,000  ft.  Alarms 
that  cannot  be  so  identified  can  usually  be  ascribed  to 
other  known  source  processes,  and  are  judged  "false 
alarms." 

The  Sorting  Criteria 

The  first  sorting  test  represents  a  definition  of  an 
"acoustic  wave  event,"  or  "signal,"  for  short.  A  signal 
is  defined  as  a  time  interval  of  at  least  10  min  duration, 
in  which  wave  coherence  R  exceeded  0.15  in  the  nominal 
system  bandpass  Ar  of  2-100  s  wave  period.  ("Coher- 
ence" is  quantitatively  defined  in  Appendix  A.)  It  is 
important  to  note  that  this  definition  of  a  signal  de- 
pends not  only  on  the  strength  of  the  acoustic  wave, 
but  also  on  sensor-array  geometery  and  on  the  noise 
conditions  at  the  sensors.) 

To  use  data  from  three  stations,  we  refined  the  defini- 
tion of  a  signal  to  avoid  duplicate  identification  of  waves 
from  the  same  source.  Only  a  single  event  was  identified 
when  waves  observed  at  more  than  one  station  coincided 
in  time  within  tolerances  allowed  by  different  wave 
travel  times.  We  also  defined  as  single  events  some 
signals  whose  coherence  dropped  below  0.15  for  short 
intervals  but  returned  again  from  the  same  direction. 

The  next  test  eliminated  short-duration  signals, 
which  seem  to  contain  a  high  percentage  of  non-storm 
waves.  After  some  experimentation,  we  eliminated 
waves  of  shorter  than  20  min  duration.  Even  though 
this  also  eliminated  a  substantial  number  of  storm-re- 
lated waves,  the  false-alarm  rate  improved  considerably. 

The  next  test  is  a  directional  filter  based  on  prior 
knowledge  that  most  emitting  storms  are  in  the  Mid- 
west. We  therefore  eliminated  waves  arriving  outside 
the  0°  to  180°  azimuth  sector  (0°  to  200°  for  Rapid 
City). 

Next,  a  velocity  and  azimuth  test  is  applied,  based 
on  prior  knowledge  about  so-called  Auroral  Infrasonic 
Waves  (A.I.W.).  We  sort  out  waves  with  horizontal 
trace  speeds  exceeding  390  m  s-1  and  which  arrive  be- 
tween 0°  and  45°  azimuth. 

The  next  filter  is  designed  to  eliminate  the  so-called 
"Mountain-Associated  Infrasound"  (M.A.I.)  that  comes 
from  South  America  (S.A.)  during  the  southern  winter. 
It  eliminates  waves  arriving  between  140°  and  170° 
azimuth  and  whose  spectral  peak  r,„:ix  falls  at  peri- 
ods longer  than  40  s.  This  cutoff  was  optimized 
experimentally. 

Another  coherence  threshold  was  applied  next.  It 
wasn't  clear  a  priori  whether  higher  thresholds  would 
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Fig.  3.  Results  of  the  sorting  process  for  events  observed  al  t he 
Boulder  station.  The  idea  is  that  each  filter  should  increase  the 
ratio  of  actual  storm  waves  remaining  (shaded  area)  to  false 
alarms  remaining  (unshaded  area),  without  decreasing  too  much 
the  total  number  in  the  former  category. 

yield  lower  false-alarm  rates,  so  we  experimented  with 
a  threshold  A'  of  0.25. 

Finally,  we  tried  to  apply  a  filter  based  on  triangula- 
tion  of  source  location.  We  thought  it  might  help  elimi- 
nate some  false  alarms  if  triangulation  indicated  a 
source  location  far  from  the  usual  midwestern  source 
region  of  severe-storm  emissions. 

The  effectiveness  of  the  sorting  process  (excluding  the 
triangulation  test)  is  illustrated  for  the  Boulder  station 
only  in  Fig.  3.  The  shaded  portion  of  each  bar  shows  the 
fraction  of  the  surviving  events  that  were  subsequently 
judged  to  be  storm-related  (based  on  the  40,011(1  ft  top 
criterion).  Compare  the  number  of  "false  alarms"  elimi- 
nated by  each  filter  with  the  number  of  actually  storm- 
related  waves  eliminated.  Generally,  the  Idlers  seem  to 
be  more  effective  against  the  false  alarms  than  against 
the  real  storm  waves,  but  we  think  the  last  (coherence 
threshold)  test  eliminates  too  many  actual  storm-related 
waves  without  significantly  reducing  the  false-alarm 
rate.  The  false-alarm  rates  for  the  other  two  stations 
before  the  coherence  filter  were  both  24°,};  after  the 
coherence  filter  they  were  26%  (Fstancia)  and  21% 
(Rapid  City). 

After  we  accounted  for  duplicate  observation  of  the 
same  wave  event  on  more  than  one  station,  the  total 
number  of  storm-related  events  that  survived  all  the 
filters,  including  the  S.A. -M.A.I,  tiller,  was  177.  The 
total  number  of  false  alarms  was  61,  giving  a  26%  over- 
all false-alarm  rate.  The  false-alarm  rate  for  the  three- 
station  network  is  thus  greater  than  that  for  any  indi- 
vidual station.  This  is  mainly  because  false  alarms  lend 
to  be  events  that  are  apparently  of  nearby  origin  and 
are  observed  only  at  one  station  (only  2  of  the  63  false 


alarms  that  survived  all  but  the  last  filter  were  recorded 
at  more  than  one  station),  whereas  a  significant  fraction 
(37  of  177)  of  the  genuine  severe  storm  waves  were 
observed  at  two  or  more  stations. 

Because  only  2  of  the  63  surviving  false  alarms  were 
recorded  at  more  than  one  observatorv,  triangulation 
could  not  help  reduce  the  false-alarm  rate,  and  the 
triangulation  filter  was  discarded. 

Looking  more  closely  at  the  61  false  alarms  to  possibly 
identify  their  nature,  we  find  that  28  are  probably  as- 
sociated either  with  nearby  thunderstorms  (less  than 
200  km  from  an  observatory)  having  tops  not  exceeding 
40,000  ft  or  with  tornadic  storm  systems  having  no 
storm  tops  exceeding  40,000  ft.  These  events  were  there- 
fore not  classified  as  "actually  storm-related"  by  our 
original  40,000  ft  criterion,  even  though  they  probably 
were.  Reclassifying  these  events  gives  a  final  three- 
station  false-alarm  rate  of  16%.  The  need  for  reclassifi- 
cation is  not  the  fault  of  the  sorting  process,  but  rather 
of  our  rigid  and  arbitrary  definition  of  a  "severe  storm." 
Max  be  this  could  be  improved. 

5.  Detection  rate 

The  detection  rate  tells  how  often  a  warning  system 
responds  to  the  danger  it  is  designed  to  warn  against. 
Numerically,  it  is  the  ratio  of  the  number  of  events 
detected  to  the  total  number  of  events  to  which  it  is 
expelled  to  respond.  An  effective  warning  svstem  must 
have  a  high  detection  rale;  but  it  is  feasible  to  have  a 
complex  warning  system  that  uses  input  from  different 
kinds  of  sensors,  in  whic  h  the  detection  rate  attributable 
to  each  kind  of  sensor  is  relatively  low,  yet  that  of  the 
whole  svstem  remains  high. 

The  process  of  estimating  detection  rate  is  the  inverse 
of  that  for  obtaining  the  false-alarm  rate:  In  the  former, 
we  starl  with  the  observed  storms  and  ask  how  many 
i  an  be  related  to  delected  infrasound;  in  the  latter,  we 
start  with  the  observed  wave  events  and  ask  how  many 
are  related  to  actual  severe  storms. 

(/.   Problems  and  ambiguities 

A  problem  with  evaluating  any  severe-storm  warning 
scheme  is  that  detection  rate  is  hard  to  define  exactly, 
first  of  all,  because  the  term  "severe  storm"  itself  is 
vague:  What  criteria  must  a  storm  meet  to  be  classed 
as  "severe"?  How  "severe"  (and  how  near  to  sensors) 
should  an  undetected  Stor-m  be  before  it  is  called  a 
"miss":' 

There  are  also  observational  problems  connected  with 
setting  up  an  experiment  to  measure  miss  rale  for  any 
severe-storm  sensor.  During  any  such  test,  fairly  com- 
plete and  accurate  knowledge  about  the  occurrence  of 
all  storms  in  the  area  under  study  is  required.  But  the 
actual  storm  observing  and  reporting  capabilities  of  the 
National  Weather  Service  are  limited  in  the  sense  of 
inadequate  and  nonuniform  coverage  by  qualified  ob- 
servers. Furthermore,  reporting  is  clearly  influenced  by 
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several  kinds  of  observational  bias,  such  as  population 
density,  reliability  of  daytime  versus  nighttime  observa- 
tions, etc.  Even  such  apparently  explicitly  defined 
events  as  tornadoes  are,  on  closer  examination,  subject 
to  many  of  the  same  ambiguities. 

In  the  case  of  any  storm-warning  scheme  based  on 
infrasound  emissions,  minimizing  the  miss  rate  means 
deploying  enough  sensors  to  insure  adequate  geographi- 
cal coverage,  and  also  employing  noise-suppression  tech- 
niques to  minimize  sensor  outages  caused  by  local  non- 
acoustic  noise.  Vet,  we  are  attempting  to  estimate  the 
miss  rate  with  data  from  only  three  sensor  arrays,  two 
of  which  were  deployed  with  less  than  optimum  atten- 
tion to  noise-suppression  considerations.  Should  we  re- 
gard as  "misses"  events  that  go  undetected  during  high 
noise  levels  at  one  or  more  observatories?  If  we  do,  then 
our  estimate  of  miss  rate  depends  very  much  on  the 
"noisiness"  of  the  particular  locations  we  have  chosen, 
and  also  upon  the  effectiveness  of  the  particular  noise- 
suppression  filters  we  used.  If  we  don't,  that  is,  if  we 
regard  as  our  "data  base"  only  time  intervals  when 
noise  levels  are  below  some  threshold  that  would  permit 
wave  detection,  then  our  estimate  of  miss  rate  will  be 
unduly  optimistic,  in  the  sense  that  any  real  observing 
system  would  have  some  noise  outages.  Consequently, 
our  analysis  will  distinguish  between  misses  during 
high-  and  low-noise  conditions. 

These  problems,  arising  mainly  from  incomplete  data 
and  necessarily  arbitrary  definitions,  make  all  estimates 
of  miss  rate  of  dubious  value.  The  best  we  can  do  is 
to  be  as  careful  and  explicit  as  possible  in  defining  what 
our  particular  estimates  of  the  miss  rate  mean. 

b.  Storm  definitions 

We  found  that  the  only  comprehensive  and  reliable- 
source  of  convective  storm  data  is  the  NWS  weather 
radar  network.  The  best  single  way  to  define  a  severe 
convective  storm  seems  to  be  the  radar-echo-top  cri- 
terion described  earlier.  But  we  have  found  it  impracti- 
cal, if  not  impossible,  to  calculate  the  miss  rate  with 
respect  to  every  storm  cell  with  40,000  ft  or  greater 
tops.  Instead,  we  have  defined  what  we  call  a  storm 
"system"  as  a  grouping  of  apparently  related  storms  as 
indicated  on  radar  summary  charts.  Often,  for  example, 
such  a  storm  grouping  falls  along  a  squall  line  and  lasts 
for  many  hours.  Furthermore,  for  calculating  detection 
rate,  we  had  to  change  the  40,000  ft  height  criterion  to 
50,000  ft  because  of  the  excessive  number  of  40,000  ft 
echoes  on  hourly  radar  charts. 

We  say  that  a  severe  storm  system  is  "detected"  if, 
corresponding  to  the  time  and  azimuth  of  the  radar- 
indicated  grouping,  at  least  one  observatory  records  a 
"severe  storm  emission"  event,  which  here  means  one  of 
the  177  events  that  survived  the  filtering  process  de- 
scribed in  Section  4.  A  "miss"  is  defined  as  a  radar- 
indicated  storm  system  not  accompanied  by  an  infra- 
sonic  event  at  any  observatory.  However,  a  "miss"  is 
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Fig.  4.  The  geographical  area  selected  for  estimating  severe- 
storm  miss  rates.  The  fraction  shown  in  each  state  gives  the 
number  of  50,000  ft  storm  systems  occurring  in  each  state,  com- 
pared with  the  number  detected  at  one  or  more  infrasound  ob- 
servatory. The  shading  shows  how  miss  rate  separates  into  three 
distinct  groups. 

not  recorded  when  more  than  one  storm  system  is  in- 
dicated on  radar,  but  emissions  from  only  one  source 
are  detected.  These  cases  are  specifically  identified  as 
"other  storm  signals  interfering."  If  a  "miss"  occurs  at 
a  time  when  all  observatories  have  high  noise  levels,  the 
miss  is  classed  specifically  as  probably  caused  by  noise. 
To  estimate  detection  rate,  we  also  have  to  define  a 
geographical  area,  within  which  storms  are  expected 
to  produce  sensor  response,  and  outside  of  which  they 
are  not.  Experience  has  taught  us  that  virtually  all 
severe  storms  that  radiate  infrasound  strong  enough  to 
be  detected  more  than  a  few  hundred  kilometers  away 
are  in  the  Midwest.  So,  somewhat  arbitrarily,  we  se- 
lected as  our  study  area  that  portion  of  the  United 
States  between  the  Mississippi  River  and  the  Rocky 
Mountains,  or  more  specifically,  the  states  of  Texas, 
Oklahoma,  Kansas,  Nebraska,  South  Dakota,  North 
Dakota,  Louisiana,  Arkansas,  Missouri,  Iowa,  Minne- 
sota and  eastern  parts  of  Colorado,  Wyoming  and  New 
Mexico.  Rigid  geographical  boundaries  are,  of  course, 
arbitrary;  a  better  scheme  would  use  some  sort  of  in- 
verse-range weighting,  but  this  seems  impractical,  in 
view  of  the  inaccuracies  in  the  other  assumptions  we 
are  making. 

c.  50, ()00ft  storm  miss  rate 

We  tabulated  all  the  50,000  ft  storm  systems  that 
occurred  within  the  specified  states  and  calculated  the 
detection  rate  based  on  whether  acoustic  waves  re- 
ceived at  one  or  more  stations  could  be  associated  with 
each  system.  When  separated  by  state,  the  detection 
rate  seemed  to  fall  into  three  ranges,  separated  by 
sizable  gaps,  as  indicated  by  the  shading  code  on  Fig.  4, 
where  the  detection  rate  is  given  by  state.  In  the  double- 
hatched  area,  the  average  detection  rate  is  66%;  in 
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Fig.  5.  Results  of  our  attempts  to  relate  intrasonic  events  with 
451  storm  systems  containing  radar  echoes  over  50,000  ft  high. 
The  dashed  sectors  are  subdivisions  of  the  solid  ones.  Various 
"detection  rates"  can  be  defined  in  terms  of  the  ratios  of  different 
sectors. 


the  single-hatched  region,  it  is  41%,  and  over  both 
hatched  regions,  it  is  51%.  The  overall  detection  rate 
is  33%.  These  detection  rates  are  higher  than  we  ex- 
pected, and  we  cannot  yet  explain  the  particular  geo- 
graphic preference  that  the  figure  reveals,  except  that 
comparing  Fig.  4  with  Fig.  1  shows  that  the  limits  of 
the  shaded  areas  tend  to  lit  the  1000  km  range  circles 
quite  well. 

We  counted  a  total  of  451  systems  with  storms  at 
least  50,000  ft  high.  Fig.  5  shows  what  fractions  of  these 
were  detected,  which  were  missed  even  though  noise  was 
low  at  one  or  more  stations,  and  which  occurred  during 
high  noise  or  interfering  signals  at  all  stations.  In  the 
above  calculations  of  detection  rate,  the  noisy  periods 
were  disregarded.  We  also  show  what  frail  ions  of  the 
detected  and  undetected  signals  are  from  storms  thai 
produced  tornadoes.  Evidently,  tornadic  storms  repre- 
sent a  significantly  larger  fraction  of  the  detected  than 
the  undetected  storms. 

(/.   Tornado  detection  rale 

Tornado  occurrence  and  start  times  are  reported  in 
the  XOAA  publication  Storm  Data  and  in  the  SKLS 
log;  we  take  these  reports  as  our  definition  of  tornado 
occurrence.  Apart  from  the  biases  and  reporting  diffi- 
culties mentioned  earlier,  the  only  additional  problem 
in  counting  tornadoes  was  in  classifying  those  attribut- 
able to  the  same  storm  system.  We  therefore  employed 
the  same  sort  of  radar-grouping  criteria  as  those  used 
to  identify  a  50,000  ft  storm  system. 


The  SELS  log  recorded  193  tornadoes  during  the 
interval  and  within  the  geographic  boundaries  we  have 
defined.  Fig.  6  summarizes  the  results  of  our  attempts 
to  relate  acoustic  signals  to  each  one.  We  realized  from 
experience  that  many  signals  would  be  related  in  time 
and  azimuth  to  tornadic  storm  systems,  but  not  to  the 
reported  tornadoes  themselves.  Therefore,  we  distin- 
guished in  our  tabulation  between  acoustic  signals  that 
could  be  related  to  the  tornado  occurrence  itself  and 
those  that  were  received  within  ±3  h  of  the  tornado  and 
within  10°  of  the  storm  system  that  generated  it.  The 
former  classification  is,  of  course,  a  subset  of  the  latter, 
as  are  a  number  of  other  cases  worth  distinguishing. 
Cases  were  recorded  where  signals  were  received  within 
the  6  h  interval,  but  not  at  the  tornado  time  (corrected 
for  acoustic  travel  time),  either  because  of  high  noise 
or  not.  There  were  also  signals  deviating  more  than  10° 
from  the  tornado  azimuth,  but  still  attributable  to  the 
tornadic  storm  system.  All  of  these  subcases  are  dis- 
tinguished in  Fig.  6. 

We  can  thus  estimate  the  "tornado  detection  rate"  as 
the  ratio  of  the  number  of  tornadoes  with  which  we 
could  associate  acoustic  signals  at  the  tornado  azimuth 
and  time  (within  measurement  error)  to  the  number  of 
tornadoes  during  which  at  least  one  station  was  capable 
of  receiving  signals  (noise  below  2  fib)  at  the  tornado 
time.  This  number  is  31%. 

We  can  also  estimate  a  "tornadic  storm  detection 
rate"  as  the  ratio  of  the  number  of  tornadic  storms  with 
which  we  could  associate  acoustic  signals  to  the  number 
of  storms  during  which  noise  conditions  were  suitable 
at  one  or  more  stations.  This  number  is  65%. 


Acoustic   Serial 
Received  *3hr  of 
Tornado  8    «I0°  of 
Tornadic    Storms 
35% 


I'  lit.  0.  Results  of  din  attempts  to  relate  intrasonic  events  with 
the  I'M  tornadoes  that  occurred  within  our  temporal  and  geo- 
graphic boundaries.  The  r lashed  sectors  are  subdivisions  of  the 
solid  sectors.  Various  "tornado  detection  rates"  can  be  defined  in 
terms  of  the  ratios  of  different  sectors. 
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These  numbers  would,  of  course,  be  lower  if  the  de- 
tection rate  were  defined  to  include  time  when  high 
noise  prevailed  at  all  stations;  on  the  other  hand,  they 
would  be  higher  if  receptive  conditions  were  defined,  for 
instance,  as  low  noise  at  the  nearest  station  or  in  some 
other  way.  Such  are  the  pitfalls  of  trying  to  quantify 
such  complex  situations. 

Apart  from  its  role  in  determining  whether  the  emis- 
sions are  useful  for  storm-warning  purposes,  the  detec- 
tion rate  also  provides  clues  to  the  emission  mechanism 
itself.  By  comparing  Figs.  5  and  6,  we  see  that  the  de- 
tection rate  for  tornadic  storms  is  substantially  higher 
than  for  50,000  ft  storms.  On  the  surface,  this  reinforces 
earlier  convictions  that  tornadic  storms  are  preferred 
emitters.  Yet,  a  significant  fraction  of  the  emissions 
appears  to  be  unrelated  to  the  observed  tornadoes  them- 
selves. The  implication  is  that  something  in  tornadic 
storms  besides  tornadoes  (larger  scale  vorticity?)  is  re- 
sponsible for  the  emissions. 

e.  Effect  of  noise  level  ou  detectabilily 

Next,  we  wanted  to  see  what  effect  the  background 
noise  level  has  on  the  detectability  of  the  emissions,  and 
specifically  to  see  how  the  diurnal  fluctuations  in  noise 
level  relate  to  the  times  when  the  emissions  are  most 
often  observed. 

The  noise  analysis  of  Appendix  B  shows  that  noisv  or 
quiet  conditions  occur  jointly  at  two  stations  about 
twice  as  frequently  as  they  would  if  the  occurrences  were 
statistically  independent.  This  must  be  caused  at  least 
partly  by  the  similarity  of  the  diurnal  variability  of 
noise  level  at  all  stations  (Fig.  B2).  Intuitively,  we 
expected  that  the  emissions  would  be  most  commonly 
observed  during  the  hours  when  both  noise  conditions 
were  favorable  and  when  the  emitting  storms  were  oc- 
curring. To  see  if  this  was  so,  we  compared,  in  big.  7, 
the  diurnal  behavior  of  four  numbers:  the  probability 
that  the  noise  level  at  one  or  more  stations  is  below  the 
2  jub  signal-detection  threshold  (from  Fig.  B3) ;  the 
number  of  50,000  ft  storms  seen  in  each  hourly  interval ; 
the  product  of  the  above  two,  indicating  the  joint 
probability  of  the  two  favorable  conditions  occurring; 
and  finally  the  number  of  actual  emissions  observed 
per  hour.  First,  we  see  the  unfortunate  tendency  for  the 
noise  level  to  be  highest  during  those  hours  when  storm 
activity  is  most  rapidly  increasing.  This  is  probably 
not  accidental ;  the  kind  of  afternoon  convective  activity 
that  initiates  thunderstorms  is  probably  responsible  for 
much  of  the  wind  and  turbulence  that  interferes  with 
the  detection  of  acoustic  waves  by  our  sensors.  Com- 
paring the  last  two  curves  shows  that  the  observed 
emissions  do  indeed  follow  the  product  curve,  peaking 
at  the  same  hour. 

It  thus  seems  likely  that  significant  improvement  of 
the  noise-suppression  devices  used  with  the  sensors 
would  not  only  permit  detection  of  many  more  storm 
emissions,  but  also  would  permit  earlier  detection  of 
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FlG.  7.  Diurnal  behavior  of  four  parameters  showing  that  the 
observability  of  severe-storm  infrasound  is  influenced  jointly  by 
the  presence  of  intense  thunderstorms  and  by  the  existence  of 
low-noise  conditions  at  the  sensors.  The  hours  (luring  which  both 
conditions  are  met  (corresponding  to  the  product  curve)  match 
the  hours  of  most  frequent  signal  observation. 

signals  that  are  emitted  during  the  high-noise  hours.  We 
have  observed  that  a  significant  fraction  of  the  signals 
we  have  studied  begin  with  the  abatement  of  high- 
background  noise  levels. 

6.  Timeliness 

Timeliness  measures  how  much  advance  warning  is 
given  by  a  warning  system  before  the  actual  occurrence 
of  some  dangerous  event.  To  be  effective,  the  warning 
must  be  given  early  enough  to  permit  those  affected  to 
take  whatever  action  is  required.  In  the  case  of  severe 
convective  storms,  we  assume  that  little  can  be  done  on 
short  notice  to  prevent  property  damage  by  hail,  high 
wind,  heavy  rainfall  or  tornadoes  (except  things  like 
putting  your  car  in  the  garage,  closing  the  shutters, 
etc.).  (A  possible  future  exception  might  be  the  use  of 
sensors  to  identify  targets  for  storm  modification.)  How- 
ever, identifying  tornadic  storms  in  their  earliest  stages 
would  usually  permit  defensive  action,  where  loss  of  life 
can  be  minimized  by  timely  evacuations  or  by  seeking 
shelter.  Therefore,  we  will  make  our  estimate  of  the 
advance-warning  value  of  infrasound  emissions  with  re- 
spect to  tornado  occurrence  only.  Another  reason  for 
considering  only  tornadoes  is  that  accurate  onset  times 
for  other  severe  features  are  difficult  to  specify  and  are 
not  as  frequently  recorded. 

a.  Acoustic  propagation  delay. 

The  relatively  slow  speed  of  acoustic  wave  propaga- 
tion introduces  a  fundamental  limitation  on  the  warning 
value  of  severe-storm  infrasound.  At  an  average  transit 
speed  of  about  300  m  s_1,  the  waves  take  almost  an  hour 
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Fig.  8.  Tornado  time  relative  to  estimated  signal  emission  time  for  18  tornadic 
storms,  during  which  infrasound  began  under  low-noise  conditions  at  an\"  observa- 
tory. The  results  show  that  the  time  of  infrasound  emission  tends  to  precede  first 
tornado  onset  by  about  an  hour.  The  horizontal  lines  connect  different  tornadoes 
(dots)  occurring  within  the  same  storm  system. 


to  travel  1000  km.  This  factor,  probably  more  than  any 
other,  would  determine  the  minimum  sensor  density  in 
any  operational  warning  scheme. 

In  what  follows,  we  have  attempted  to  remove  the 
effects  of  propagation  delay  in  comparing  tornado  onset 
time  with  the  beginning  of  infrasonic  wave  events. 
Otherwise,  the  results  would  contain  many  different 
delay  times  that  would  confuse  the  relationship  we  seek 
between  the  emissions  and  tornado  occurrence.  The 
propagation  delay  for  any  given  distance  is,  of  course, 
easily  estimated. 

b.  Does  infrasound  precede  tornado  onset? 

To  answer  this^question,  we  looked  at  all  1973  tor- 
nadoes during  which  infrasound  was  received  at  any 
observatory  from  the  storm  system  that  spawned  the 
tornado.  Then  we  compared  the  ported  onset  time  of 
the  tornado  with  the  time  of  first  rise  of  the  wave 
coherence  above  threshold.  We  eliminated  the  events 
that  began  with  the  abatement  of  high  noise  because 
their  true  starting  time  is  obscured.  After  correcting 
the  wave  onset  time  for  propagation  delay  over  the 
distance  from  the  storm  (assuming  a  300  m  s_1  speed), 
we  recorded  the  estimated  wave-emission  time  relative 
to  tornado  onset  time.  Fig.  8  plots  this  relation  for  the 
storms  whose  first  tornado  occurred  within  6  h  of  the 
estimated  signal-emission  time.  Although  the  sample 
size  is  small,  the  plot  shows  a  tendency  for  the  waves  to 
be  emitted,  for  the  median  case,  almost  an  hour  before 
the  first  tornado  observations. 

7.  Location  accuracy 

Some  warning  devices  give  only  temporal  information 
about  some  impending  event,  while  others  give  spatial 


information  as  well.  In  the  case  of  severe  thunderstorms, 
it  is  useful  not  only  to  find  the  location  of  potentially 
severe  weather,  but  also  to  track  and  predict  its  course. 
When  we  can  measure  the  arrival  direction  of  infra- 
sonic  waves  at  more  than  one  observatory,  we  can  often 
locate  the  apparent  source  of  the  emissions  by  triangu- 
lation.  However,  we  have  found  that  several  sources  of 
error  affect  the  accuracy  of  these  location  estimates, 
sometimes  to  the  extent  that  manv  would  not  be  useful 
at  all. 

a.  Attempts  at  storm  location 

We  think  that  a  good  way  to  illustrate  the  errors  and 
problems  actually  encountered  in  attempts  at  storm 
location  by  infrasound  is  to  look  at  the  six  cases  where 
storm  waves  were  recorded  at  till  three  observatories. 
We  can  see  not  only  the  relation  between  bearing  inter- 
sections and  actual  storm  activity,  but  also  the  geo- 
graphical spread  of  the  three  possible  intersections. 

Fig.  9  shows  six  representative  "snapshots"  of  the 
three  infrasound  bearings  superimposed  on  maps  show- 
ing the  principal  radar-indicated  storm  activity.  It  is 
not  possible  in  any  of  the  cases  to  identify  the  source 
storm  unambiguously,  although  likely  candidates  can 
sometimes  be  identified.  In  other  cases,  like  Fig.  9f,  the 
infrasound  bearings  give  no  useful  intersections  at  all. 
In  some  panels,  dashed  lines  show  how  bearings  from 
some  stations  changed  a  couple  of  hours  later,  usually 
in  response  to  a  new  emission  source  rather  than  the 
motion  of  the  original  one. 

If  a  system  like  the  one  we  used  were  employed 
operationally,  the  source  of  the  emissions  would  usually 
be  specified  no  more  accurately  than  somewhere  within 
an  area  50  to  100  km  or  so  in  diameter.  Perhaps  even 


112 


October  1975 


T.     M  .     GEORGES     AND     GARY     E.     GREENE 


1311 


2340Z 

R 

20-21  May  73 

0I40Z-A 

B       U 

'> 

450— V"fe) 

' 

\l 

^460 

450 

26CT 
280' 


0I40Z 
9  Aug  73 


Many  Tornadoes 
in  Okla  and  Ten 
Beginning   2230Z 


Fig.  9.  Results  of  attempts  to  locate  particular  source  storms  during  the  six  wave  events 
that  were  detected  at  all  three  stations.  Heavy  solid  lines  show  infrasound  bearings  at  the  time 
of  the  superimposed  radar-indicated  storm  activity.  Heavy  dashed  lines  show  infrasound 
'hearings  at  some  later  time.  The  small  circles  are  individual  storm  cells  identified  on  radar 
and  the  associated  numbers  give  the  echo  height  in  hundreds  of  feet.  The  fluffy  outlines 
indicate  areas  covered  by  diffuse  radar  echoes,  and  the  curved  boxes  indicate  lines  of  radar 
echoes.  The  circled  T's  and  accompanying  times  give  locations  and  start  times  of  tornadoes. 
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this  accuracy  would  have  some  operational  warning 
value. 

The  question  of  quantifying  storm  tracking  accuracy 
seems  academic  at  present  because  bearing  errors  are 
too  great  to  permit  single-storm  identification.  Further- 
more, the  time  resolution  of  the  hourly  radar  charts  is 
not  great  enough  to  permit  consistent  identification  of 
a  given  storm  from  one  chart  to  the  next;  even  if  we 
had  greater  confidence  in  the  intersections,  these  charts 
would  not  permit  a  good  check  of  tracking  accuracy. 
We  would  have  to  use  the  radar-scope  films  from  indi- 
vidual radar  stations,  now  available  from  XOAA.  These 
films  do  not  give  echo-top  height,  however. 

b.  Sources  of  error 

One  source  of  error  lies  in  the  bearing  estimates  ob- 
tained using  cross  correlation  when  the  signal-to-noise 
ratio  is  substantially  less  than  unit}'.  A  quantitative 
analysis  of  these  errors  is  difhcult  and  we  have  not  at- 
tempted one,  but  we  have  assumed  that  the  typical 
bearing  llucutations  of  2°  or  3°,  observed  when  looking 
at  adjacent  time  windows,  are  caused  by  noise  con- 
tamination of  the  cross-correlation  process. 

The  other  major  source  of  location  error  is  caused  by 
bearing  errors  caused  by  atmospheric  refraction.  A  the- 
oretical study  by  Beasley  and  Georges,  to  be  published 
soon,  shows  that  realistic  atmospheric  winds  could  oc- 
casionally account  for  bearing  errors  as  large  as  10°  or 
more. 

Another  way  to  illustrate  the  effects  of  atmospheric 
refraction  is  to  cite  the  bearing  errors  encountered  in 
several  cases  where  the  location  of  an  (explosive)  source 
of  infrasound  is  accurately  known.  Examples  of  distant 
events  recorded  at  multiple  observatories  are  the 
Chinese  nuclear  test  on  27  June  1973,  and  the  explosive 
volcanic  eruption  on  the  Island  of  Bali  on  16  May  1%3 
(Goerke  el  al.,  1%5).  Bearing  errors  of  early  arrivals 
at  seven  stations  for  the  Chinese  test  ranged  from  0°  to 
9°  with  a  mean  of  5.3°;  for  the  Bali  eruption,  errors 
at  three  stations  ranged  from  1.7°  to  over  30°  for  late- 
arriving  portions  of  the  signal. 

Two  explosions  in  Colorado  that  were  recorded  at 
Boulder  indicate  the  kinds  of  errors  encountered  with 
relatively  nearby  sources.  An  explosion  near  Grand 
]unction  (315  km  away)  on  13  November  1672  pro- 
duced waves  that  arrived  only  0.4°  from  the  true  source 
bearing,  but  later  arriving  portions  of  the  same  signal 
deviated  by  almost  3°.  Another  explosion  near  Crowley, 
Colo.,  on  13  December  1971  (223  km  away)  produced 
waves  that  deviated  6°  from  the  source  azimuth.  In  all 
of  these  cases,  the  signal  was  so  strong  that  noise  con- 
tamination was  not  a  problem;  the  errors  are  almost 
certainly  attributable  to  propagation  effects.  P'rom  both 
our  measurement  experience  and  our  theoretical  esti- 
mates, we  conclude  that  propagation  effects  can  easily 
account  for  several  degrees  of  bearing  error  and  occa- 
sionally up  to  10°  for  medium-distance  paths. 


c.  Reducing  location  errors 

Although  the  results  of  our  attempts  to  locate  and 
track  storms  are  not  very  encouraging,  we  recognize  that 
some,  and  perhaps  the  most  important,  sources  of  bear- 
ing error  can  be  mitigated.  If  improvements  in  noise- 
reduction  techniques  could  be  made,  signal-to-noise 
ratios  would  improve  and  "noise"  on  bearing  estimates 
would  be  reduced.  Most  refractive  effects  that  cause 
bearing  errors  are  probably  caused  by  middle-atmo- 
spheric winds,  for  which  we  can  construct  reasonably 
accurate  spatial  and  temporal  models.  Acoustic  ray 
tracing  through  such  models  could  yield  corrections  to 
be  applied  to  the  measurements.  These  two  approaches 
could  yield  significant  and  possibly  useful  improvements 
in  source-location  accuracy.  Improvements  in  noise 
suppression  would  also  increase  the  number  of  signals 
seen  at  more  than  one  observatory  and  would  also  make 
more  reliable  the  source-location  estimates  based  on 
only  two  bearings. 

8.  How  multiple  stations  improve  detectability 

When  we  deployed  two  additional  observatories,  we 
expected  to  detect  more  emitting  storms,  but  we  didn't 
know  how  many  more  or  what  fraction  would  be  ob- 
served at  more  than  one  observatory.  To  answer  these 
questions,  we  took  the  177  storm  emisisons  that  sur- 
vived the  false-alarm  filtering  process  and  classified 
each  wave  event  as  having  been  observed  at  one,  two 
or  all  three  observatories.  The  result  is  illustrated  in 
Fig.  10,  where  the  separate  areas  are  roughly  propor- 
tional to  the  number  of  signals  falling  into  each  cate- 
gory. Most  signals  were  seen  at  only  one  observatory, 
18%  were  seen  at  two  of  the  three  observatories,  and 
only  6  (3%)  were  seen  at  all  three  observatories. 


Fig.  10.  Joint  detectability  of  177  acoustic  emissions  from 
storms  with  radar  tops  over  40,000  ft.  The  numbers  (and  roughly 
proportional  areas)  give  the  number  of  signals  recorded  only  at 
one  station,  at  pairs  of  stations,  and  at  all  three  stations. 
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I  H..  11.  Breakdown  hy  station  of  the  detectabilily 
of  the  177  storm  emissions. 


Fig.  11  shows  for  each  station  which  of  the  177 
emission  events  were  detected,  which  were  undetected 
because  of  high-noise  conditions  (or  other  acoustic  inter- 
ference), and  which  were  undetected  even  though  the 
background  was  quiet.  The  Rapid  City  and  Estancia 
stations  exhibited  roughly  the  same  statistics;  the 
quieter  Boulder  station  showed  substantially  more  de- 
tected signals,  but  also  a  much  greater  percentage  of 
undetected  signals  even  when  conditions  were  quiet. 
Evidently,  the  large  fractions  of  noisy  conditions  at  the 
Rapid  City  and  Estancia  stations  are  mostly  replaced 
by  the  "quiet  but  no  signal  detected"  condition  at 
Boulder.  This  suggests  that  during  much  of  the  time 
labeled  as  "noisy,"  signals  would  not  have  been  de- 
tected even  if  conditions  were  qtiiet,  reinforcing  the 
idea  that  source  and  propagation  effects  are  at  least  as 
important  as  noise  conditions  in  determining  signal 
(letect ability.  The  same  point  is  made  also  by  consider- 
ing the  signals  received  during  times  when  all  three 
observatories  were  quiet.  Of  46  such  times,  only  6  were 
seen  at  all  three  observatories,  17  were  seen  at  two 
observatories,  and  the  remaining  23  were  seen  at  only 
one  of  the  three  observatories. 

Propagation  effects  seem  to  combine  a  weak  acoustic 
attenuation  with  distance  (cylindrical  spreading  would 
yield  an  r~'<  pressure  dependence)  with  a  complicated 
spatial  pattern  of  signal-strength  distribution  caused  by 
focusing  and  defocusing  of  rays  reflected  in  the  middle 
atmosphere.  It  is  also  likely  that  the  acoustic  sources 
have  directional  radiation  characteristics.  We  tried  to 
uncover  any  obvious  propagation  effects  by  plotting  the 
geographic  distribution  of  the  apparent  sources  of  the 
177  storm  emissions.  Eigs.  12a,  b  and  c  are  the  result, 
where  single  and  multiple-station  observations  are  dis- 
tinguished by  the  three  symbols.  The  sources  of  signals 
seen  at  the  Estancia  and  Rapid  City  stations,  where 
noise  level  was  higher,  cluster  more  closely  around  the 
respective  observatories,  whereas  the  sources  of  the 
Boulder  signals  seem  to  be  spread  more  evenly  through- 
out the  Midwest.  Because  signal  levels  are  frequently 
near  the  noise  level  and  have  a  relatively  low  attenua- 
tion rate  with  range,  one  mighl  expect  the  sources  of 
signals  received  at  a  quiet  station  like  Boulder  to  be 
distributed  fairly  uniformly;  whereas  at  the  other  loca- 
tions, the  more  distant  and  somewhat  weaker  signals 
would  be  lost  in  the  higher  noise  levels. 

These  results,  with  those  of  Section  5c,  suggest  that 
many  more  severe-storm  signals  would  be  detected  if 
more  sensor  arrays  were  deployed  and  if  much  more 
effective  noise-suppression  techniques  were  used. 


Joint  detectabilily,  of  course,  depends  on  two  factors  : 
acoustic  source  and  propagation  effects  that  can  favor 
one  observatory  over  another,  and  coincidence  in  time 
ot  low-noise  conditions  at  more  than  one  observatory. 
What  combination  of  these  factors  operated  in  the  case 
ol  our  three  stations  during  this  experiment? 


9.   Summary  and  conclusions 

In  analyzing  the  results  ol"  this  experiment,  we  en- 
countered some  results  that  were  encouraging  from  a 
detection  and  warning  point  of  view,  but  there  were 
also  some  other  results  that  were  discouraging. 
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Distribution  Of  Apparent 
Sources  Of  Severe   Storm 
Infrasound  Observed  At 
Boulder,  Colo 


•  3  Station  Intersections 
■  2  Station  Intersections 
o  Single   Station  Bearing 


Fig.  12a.  Locations  of  the  85  radai-indicated  storms  apparently 
responsible  for  the  storm  signals  seen  at  the  Boulder  station. 
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Fig.  12b.  Locations  of  the  63  radar-indicated  storms  apparently 
responsible  for  the  storm  signals  seen  at  the  Rapid  City  station. 
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Fig.  12c.  Location  of  the  72  radar-indicated  storms  apparently  re- 
sponsible for  the  storm  signals  seen  at  the  Estancia  station. 

Our  ability  to  sort  out  false  alarms  and  the  percentage 
of  severe  storms  detected  were  both  better  than  we 
originally  expected.  The  evidence  that  emissions  tend 


to  precede  tornadoes  is  also  encouraging ;  however,  the 
acoustic  propagation  speed  does  impose  fundamental 
constraints  on  the  density  of  an  operational  network. 
Storm  location  and  tracking  ability  is  presently  poorer 
than  we  need,  but  we  see  ways  to  improve  this. 

One  of  the  most  important  lessons  of  this  experiment 
is  that  the  level  of  background  noise  is  crucial  to  the 
detectability  of  severe-storm  infrasound.  Before  further 
measurements  of  this  type  are  undertaken,  we  need  to 
learn  more  about  how  to  improve  noise-suppression  de- 
vices and  also  how  to  assess  in  advance  the  effects  of 
meteorology,  terrain,  vegetation,  etc.,  on  the  noise  level 
at  a  particular  location.  It  might  be  especially  fruitful 
to  consider  the  effects  of  all  these  influences  with  respect 
to  the  time  of  day  that  the  noise  level  reaches  its  maxi- 
mum value.  It  may  be  possible  to  "engineer"  a  particu- 
lar location  where  the  noise  level  is  low  during  the 
crucial  late  afternoon  and  evening  hours.  More  research 
should  also  be  done  on  the  effectiveness  of  noise-re- 
ducing acoustic  probes  that  have  been  developed  (Smith 
and  Bauer,  1970;  Elliott,  1972). 

The  answer  to  the  title  question  is  therefore:  "Yes, 
in  principle,  but  the  final  decision  must  be  made  on 
economic  grounds."  What  we  have  done  here  is  to 
establish  that  the  emissions  are  potentially  useful,  but 
that  some  more  research  is  required  in  the  areas  of 
sensor  technology,  noise  environments  and  propagation 
distortion.  The  new  question  is  now:  "Is  the  additional 
research  and,  ultimately,  the  deployment  of  an  opera- 
tional network  cost-effective?"  Some  tools  for  answering 
this  question  are  given  by  Rhodes  (1975). 
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APPENDIX  A 

How  We  Measure  Wave  Coherence 
with  an  Analog  Correlator 

We  record  the  output  of  a  microbarograph  array 
(voltage  analog  of  pressure)  on  /-channel  magnetic  tape 
moving  at  0.25  inch  per  minute.  We  want  to  measure 
the  cross  correlation  between  the  sensor  outputs  as 
their  relative  time  delays  are  varied  corresponding  to 
plane  waves  traversing  the  array  from  various  directions 
and  at  various  speeds.  This  is  accomplished  with  a 
system  of  movable  tape-playback  heads  that  are  me- 
chanically programmed  to  vary  the  relative  leads  and 
lags  appropriate  to  different  wave  speeds  and  azimuths. 
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We  now  show  that  suitably  combining  the  appropriately 
delayed  sensor  outputs  gives  a  good  approximation  to 
the  broad-band  cross-correlation  coefficient  as  a  function 
of  wave  speed  and  direction. 

The  cross-covariance function  4>h(t)  for  two  functions 
of  time  Xi{t)  and  X3(t)  is 


1 


4>„(T)  =  Xi(t)X](t  +  T)=  lim 


Xi(t) 


XXjQ+T)dt,     (Al) 


where  r  is  a  time  shift  between  the  two  functions  Ar,  and 
Xj,  and  2T  is  the  averaging  time.  The  cross-correlation 
coefficient  Ry  is  a  normalized  version  of  <t>,j  that  has  a 
maximum  value  of  unity,  i.e., 


RiAr)=- 


<t>ij(.r) 


[<MO)0»(O)]» 


(A2) 


where  0«(O)  and  0»(O)  are  autocovariance  functions  at 
zero  lag.  We  can  define  an  average  cross-corrleation 
coefficient  R  for  anv  number  of  time  functions  n  as 


(A3) 


R= E  £  R.j, 

n(n— 1)  i-i  /=»'-H 


which  still  has  a  maximum  value  of  unity. 

The  problem  with  estimating  R  using  analog  process- 
ing lies  mainly  in  performing  the  multiplications  and 
divisions  indicated  in  (Al)  and  (A2).  We  resort  instead 
to  the  following  tricks:  First,  instead  of  an  infinite 
averaging  time  T  we  use  a  fixed  value  of  about  10  min, 
which  is  much  longer  than  the  wave  periods  we  are 
interested  in.  This  10  min  window  continuously  ad- 
vances in  time,  giving  a  continuous  estimate  of  R{t). 
The  signals  from, each  sensor  /,  are  then  passed  through 
a  compressor  whose  output  is  a  replica  of  the  input 
signal,  but  always  has  the  same  rms  value,  regardless 
of  input ;  that  is,  each  output  can  be  expressed  as 


/<,=C[/,/(/,2)*], 


(A4) 


where  (/,2)*  is  the  rms  amplitude  of  the  input  signal, 
and  C  is  a  constant.  The  £,  are  then  summed,  squared 
(in  a  square-law  detector)  and  averaged  to  give 


£/>  =  (L£.-)2, 


(A5) 


which  is  equivalent  to 


ed=o'Zim*+2&j:  £  W(W(/^*-    (A6) 

1=1  1=1  i=j+\ 

The  first  term  clearly  equals  On,  while  the  second  term 
differs  bv  onlv  a  constant  factor  from  the  definition  of 


the  average  cross-correlation  coefficient  for  n  functions 
/,.  Therefore, 


£D  =  C2[«+«  («-!)/?], 


(A7) 


so  that  R  =  0  is  indicated  by  a  detector  output  of  C2n, 
and  R=  1  is  indicated  by  an  output  of  C2\_n-\-n{n  —  1)], 
with  R  varying  linearly  for  values  in-between.  It  is  thus 
a  simple  matter  to  construct  a  meter  or  recorder  cali- 
brated to  read  R  directly,  as  the  mechanical  programmer 
steers  the  array  pattern  in  wavenumber  space. 

The  name  coherence  is  given  to  a  generalized  cross- 
correlation  coefficient  that  depends  on  frequency;  but 
for  our  purposes,  cross-correlation  coefficient  is  equiva- 
lent to  broadband  coherence. 

It  is  useful  to  combine  the  coherence  thresholds  we 
have  used  with  the  station  noise  statistics  (Appendix  B), 
to  get  an  indication  of  minimum  usable  wave  intensities 
in  real  noise  environments.  If  we  assume  that  non- 
acoustic  noise  is  uncorrelated  among  the  sensors  and 
with  the  acoustic  signal,  we  can  show  that  the  amplitude 
signal-to-noise  ratio  a  is  related  to  R  by 


R 


\-R 


(A8) 


so  that,  for  example,  a  wave  coherence  of  0.5  corre- 
sponds to  a  unity  signal-to-noise  ratio.  The  noise  am- 
plitude-probability distribution  for  Boulder  (Fig.  Bl) 
shows  that  a  noise  level  exceeded  50%  of  the  time  is 
about  0.5  yub.  If  we  assume  a  useful  coherence  threshold 
of  0.15  (<r  =  0.176),  then  we  can  say  that  50%  of  the 
time  the  Boulder  array  "sensitivity"  is  at  least 
0.5X0.176  =  0.088  /xb.  The  corresponding  50%  sensi- 
tivity levels  for  Rapid  City  and  Estancia  stations  are 
0.246  and  0.194  Mb. 

APPENDIX  B 

Noise  Statistics  for  the  Three  Observatories 
during  the  1973  Experiment 

Because  the  intensity  and  variability  of  background 
noise  strongly  influence  the  detectability  of  severe-storm 
infrasound,  we  collected  statistics  on  the  amplitude  dis- 
tribution and  diurnal  variability  of  noise  level  at  each 
of  the  three  observatories.  The  results  are  displaved  in 
Figs.  Bl  and  B2. 

At  each  observatory,  we  recorded  on  a  paper  chart 
an  estimate  of  the  average  amplitude  of  the  ambient 
pressure  fluctuations  within  the  system  bandpass.  We 
averaged  spatially  by  summing  the  outputs  of  all  the 
sensors  in  an  observatory's  array  and  temporally  with 
a  peak  detector  and  10  min  low-pass  filter.  Most  of  the 
time,  this  record  indicates  the  level  of  non-propagating 
pressure  fluctuations  that  we  call  "noise";  the  fraction 
of  the  time  when  acoustic  waves  contribute  much  to  this 
level  is  insignificant.  We  have  defined  a  2/ub  noise  level 
as  a  threshold  above  which  most  severe-storm  infra- 
sound is  not  detectable  with  a  useful  signal-to-noise 
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Fig.  Bl.  Noise  level  amplitude-probability  distributions  for  the 
three  observatories  during  the  observing  season. 
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Fig.  B2.  Diurnal  variability  of  observed  average  noise  level  at 
the  three  stations,  compared  with  the  historical  distribution  of 
tornado  onset  by  hour  of  the  day. 

ratio.  (Using  our  definition  of  signal-to-noise  ratio  from 
Appendix  A  and  the  coherence  threshold  of  0.15,  this 
implies  that  most  severe-storm  infrasound  has  ampli- 
tudes less  than  about  0.35  fib.) 

Fig.  Bl  gives  the  amplitude-probability  distribution 
of  noise  level  at  the  three  stations  over  the  entire  ob- 
serving period.  It  shows,  for  example,  that  the  noise 
level  exceeded  50%  of  the  time  is  1.4  /ub  for  Rapid  City 
and  1.1  ub  for  Estancia,  but  only  0.5  yub  for  the  Boulder 
station.  The  2  ub  noise  threshold  level  is  exceeded  about 
39%  of  the  time  at  the  Rapid  City  station,  about  33% 
of  the  time  at  Estancia,  and  only  about  8%  of  the  time 
at  Boulder. 

We  believe  that  the  lower  average  noise  level  at 
Boulder  results  mainly  from  the  superior  noise-reducing 
spatial-filter  system  used  there,  compared  to  the  tem- 
porary systems  used  at  the  outlying  stations. 


Fig.  B2  gives  the  diurnal  distribution  of  noise  level, 
averaged  by  hour,  for  the  three  stations.  Also  shown  at 
the  bottom  of  Fig.  B2  is  the  hourly  distribution  of 
tornado  onset,  derived  from  NWS  statistics  covering 
42  years  and  over  8000  tornado  observations.  This  dis- 
tribution matches  closely  the  temporal  distribution  of 
severe-storm  infrasound  observations.  Nature  appears 
to  be  conspiring  against  the  detection  of  tornadic  storms 
by  imposing  high-noise  levels  at  just  the  hours  of  high 
tornado  frequency.  The  importance  of  adequate  noise- 
reducing  filters  is  thus  doubly  emphasized. 

We  can  see  from  this  figure  that  the  times  of  quiet  and 
noisiness  tend  to  be  correlated  among  the  three  stations. 
A  quantitative  measure  of  the  degree  of  correlation  can 
be  obtained  by  comparing  the  percent  of  time  all  three 
stations  are  simultaneously  quiet  with  the  joint  proba- 
bility that  all  three  are  simultaneously  quiet,  based  on 
their  individual  amplitude-probability  distributions. 
From  Fig.  Bl,  we  see  that  the  joint  probability  that 
noise  level  at  all ,  three  stations  is  less  than  2  ^b  is 
0.71X0.34X0.39  =  0.093  (assuming  statistical  inde- 
pendence), whereas  the  actual  fraction  of  the  time  that 
all  three  are  quiet  is  0.17,  almost  twice  as  great. 
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shop on  Atmospheric  Acoustics,  held  in  Boulder,  Colorado,  6  and  7  July  1972. 
Primary  attention  is  given  to  acoustic  echo  sounders,  their  design,  construc- 
tion and  interpretation  of  the  atmospheric  structure  they  depict. 
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Remote  Sensing  of  the  Atmosphere 
by  Sound 


A/vin  L.  Morris,  NCAR,  and  Freeman  Hall,  NO  A  A 


In  the  past  five  years,  acoustic  probing  of  the  atmosphere 
has  undergone  a  sudden  and  spectacular  growth.  From 
19th-century  foghorn  propagation  studies  to  a  1930s  interest 
in  stadium  acoustics  to  postwar  measurements  of  upper 
atmosphere  temperature  profiles  using  rocket-borne  gre- 
nades, atmospheric  acoustics  has  found  applications,  but  has 
had  little  real  impact  on  meteorological  research.  Perhaps  the 
acceptance  of  radar  meteorology  and  the  need  for  better 
understanding  of  the  organization  of  the  planetary  boundary 
layer  set  the  stage  for  a  belated  entry  of  this  remote  sensing 
technique.  But  acoustics  has  now  arrived  on  the  meteorologi- 
cal scene,  with  more  than  50  programs  active  throughout  the 
world. 

This  paper  presents  the  basic  relations  governing  the  inter- 
action of  acoustic  waves  with  the  atmosphere.  Examples  of 
data  from  recent  studies  are  presented  to  clarify  the  present 
status  of  atmospheric  acoustics.  Also,  a  number  of  references 
to  recent  publications  should  aid  the  investigator  who  wants 
to  dig  deeper  into  the  subject.  The  paper  begins  with  a  dis- 
cussion of  sound  propagation,  condensed  and  brought  up  to 
date  from  the  review  by  Gutenberg  ( 195  1). 

Speed  of  Sound 

Basic  physics  tests  show  that   the  propagation  speed  of 

longitudinal  pressure  waves  through  a  fluid  is  determined  by 

fluid  pressure,  p,  and  density,  p.  In  the  atmosphere,  changes 

in  p  and  p  due  to  the  passage  of  a  sound  wave  are  adiabatic, 

so  that 

Y 
pa      =   constant 


in  which  a  is  the  specific  volume,  and  y  =  cp/cv,  the  ratio  of 
specific  heat  at  constant  pressure  to  specific  heat  at  constant 
volume.  Then  the  sound  speed,  c,  is  given  by 


where  R  is  the  universal  gas  constant,  equal  to  8314.32  J/K 
(kg-mole);  T  is  the  temperature  in  degrees  Kelvin;  and  M  is 
the  molecular  weight  of  air,  equal  to  28.9644  kg/kg-mole  for 
dry  air  and  28.9644  (1  -  0.38  e/p)  for  moist  air  (e  is  vapor 
pressure  of  water  vapor  in  the  air). 
Substitution  yields 


20.05 


(1  +  0.19  J) 


:r 


(1) 


If  the  air  is  moving  at  velocity  V,  the  velocity  of  sound,  c,  at 
a  point  on  a  wave  front  is 


=   Nc   +  V 


(2) 


where  N  is  a  unit  vector  normal  to  the  wave  front. 

Therefore,  given  the  distribution  of  e,  p,  T,  and  V  in  the 
atmosphere,  it  is  possible  to  trace  sound  rays  through  the 
atmosphere.  Conversely,  given  enough  information  about  the 
propagation  of  sound  in  the  atmosphere,  it  is  conceptually 
possible  to  compute  the  distribution  of  e,  p,  T,  and  V. 

Sound  Propagation 

Figure  1  shows  a  wave  front  moving  upward  and  in  a  posi- 
tive x  direction  in  the  x,z  plane.  At  AD  it  encounters  a 
boundary  between  two  strata  of  air  having  different  values  of 
c  and  V.  For  simplicity  it  is  assumed  that  the  interface  is 
horizontal  and  that  the  winds  are  horizontal  and  lie  in  the 
plane  of  the  paper.  From  Fig.  1,  the  relationship 


sin    f 


+  V 


AD 


is  apparent.   Additional  strata  can  be  treated   in  the  same 
manner  and,  in  general, 


l sin  4>/ 


+  V   =   constant 


(3) 


84 


120 


l-'ig.  I  Prtipagatit'ii  <>J  a  ware  Irani  through  strata  in  which 

i   dlhl  I  '  IWV. 


Note  that  V  can  take  either  algebraic  sign.  If  V  =  0  every- 
where, Eq.  (3)  becomes  SnelTs  law,  as  one  would  anticipate. 
Also  from  Fig.  1  it  can  be  seen  that  in  stratum  1 

v 

tan    5      =    tan   *,    +  —  sec    j> 


and,  in  general, 


tan   C   »   tan  4>   + 


(4) 


Thus,  if  c,  V,  and  0  are  known  at  any  level  in  a  horizontally 
stratified  atmosphere,  the  direction  of  propagation,  f,  of  a 
sound  ray  can  be  determined  at  any  other  level  reached  by 
the  sound  if  V  and  tsare  known  at  that  level. 

It  is  interesting  to  ask  what  conditions  must  prevail  to 
cause  a  ray  from  below  to  become  horizontal  when  it  reaches 
level  n.  First  assume  that  the  air  is  horizontally  stratified  and 
dry.  and  that  V  =  0  at  all  levels.  Then  f  =  0  =  tt/2  when  the 
ray  becomes  horizontal,  and 


sin   f 


■      --      F 

sin  *   -  ,  /  — 

°  V  » 

Thus  any  ray  which  leaves  the  surface,  i.e.,  for  which 
0O  <  7r/2,  must  encounter  a  stratum  in  which  Tn  >  T0  if  it  is 
to  become  horizontal  in  that  stratum.  Such  a  ray  will  then 


return  to  the  surface  along  a  path  which  is  symmetrical  with 
its  ascent  path  about  a  vertical  line  drawn  through  the  point 
at  which  it  became  horizontal. 

If  the  air  is  dry,  V  ¥=  0  and  0n  =  n/2 


+  v    =  c    +  v 


sin  $   /  o 


Note  that  for  a  horizontal  ray,  0n  =  f n  =  n/2.  Then 


sin  <P     = 


\£ 


|c      +V      -V)         (h  \/f~     +   V      -V) 
\n  n  o/  \Vn  n  o\ 


where  h  =  20.05  m/sec  K  2.  Evidently  a  ray  leaving  the  sur- 
face may  become  horizontal  at  level  n  if  h>/T0  +  V0  < 
h-J Tn  +  Vn  or  equivalently,  if  its  horizontal  speed  at  level  n 
exceeds  its  horizontal  speed  at  the  surface. 

This  analysis  suggests  that  sonic  techniques  used  in  geo- 
logical surveying  may  have  application  in  the  atmosphere, 
and  indeed  Whipple  (1923)  did  use  such  techniques  to 
deduce  that  high  temperatures  exist  in  the  upper  stratosphere 
before  such  temperatures  were  measured  directly.  The  analy- 
sis also  shows  a  serious  limitation  of  the  method.  Unless  a 
stratum  exists  aloft  which  satisfies  the  condition 
hVT^  +  V0  <  h/Tn  +  Vn,  sound  rays  propagating  away 
from  the  earth  will  not  return,  and  hence  their  interaction 
with  the  atmosphere  cannot  be  measured  by  observations 
made  at  the  surface. 

One  recent  application  of  acoustic  refraction  is  for  deter- 
mining the  positions  of  trailing  vortices  behind  landing  air- 
craft (Burnham  et  al.,  1972).  A  pulse  of  sound  is  propagated 
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across  the  glide  slope  vertical  plane,  and  when  the  refracting 
vortices  are  present,  two  pulses  are  heard  with  the  ground- 
based  receiver,  one  being  the  direct  line-of-sight  pulse  and  the 
other  the  refracted  pulse.  Acoustic  ray  paths  through  vortex 
structures  have  been  traced  by  Georges  (1972).  Refracting 
effects  can  also  influence  the  proper  interpretation  of  acous- 
tic echo  sounding  results,  especially  for  returns  from  ranges 
greater  than  1  km  (Georges  and  Clifford,  1972). 

Attenuation 

The  intensity  of  a  sound  wave  is  defined  as  the  time  rate 
of  energy  passage  through  a  unit  area  perpendicular  to  the 
direction  of  wave  propagation.  In  SI  units,  sound  intensity  is 
measured  as  watts  per  square  meter  (W/m2 ).  The  attenuation 
of  acoustic  waves  as  they  propagate  through  the  atmosphere 
varies  with  the  frequency  of  the  waves  but  in  a  continuous, 
smooth  fashion.  Therefore,  when  small  frequency  ranges  are 
considered,  the  intensity  of  a  plane  wave  train,  I,  at  some 
distance,  i,  from  a  reference  plane  where  the  intensity  is  I0  is 
given  by 

k« 

(5) 


I      e 


Here  k  is  dimensionally  the  reciprocal  of  length,  and  is  de- 
fined as  the  attenuation  coefficient.  It  is  made  up  of  three 
independent  components. 


chamber  was  filled  with  only  nitrogen  and  water  vapor,  it 
showed  a  much  lower  attenuation  coefficient  than  when 
oxygen  was  present  in  the  proportions  found  in  the  atmo- 
sphere (Knudsen,  1933).  The  mechanism  by  which  molecular 
absorption  occurs  was  explained  by  Kneser  (1933)  as  the 
transfer  of  collision-excited  vibrational  energy,  produced  by 
the  acoustic  field,  from  oxygen  molecules  to  water  vapor 
molecules.  The  energy  of  the  excited  water  molecules  is  then 
radiated  away  in  the  infrared.  This  transfer  of  energy  from 
oxygen  to  water  vapor  is  facilitated  by  the  nearly  exact  over- 
lap of  energy  levels  in  the  two  molecules,  but  while  radiative 
decay  is  not  possible  for  the  oxygen  molecule,  this  method 
of  energy  removal  is  highly  favored  by  water  vapor.  The 
molecular  interaction  and  transition  rates  have  been  studied 
more  fully  by  Henderson  and  Herzfeld  ( 1965). 

The  most  comprehensive  measurements  of  molecular 
absorption,  studied  by  means  of  the  decay  of  acoustic  energy 
in  closed  chambers,  are  those  of  Harris  (1966).  Examples  of 
data  from  this  study  are  given  in  Fig.  2.  Molecular  absorption 
decreases  with  temperature,  which  helps  explain  why,  in  cold 
climates,  cases  of  unusually  long-range  sound  propagation  are 
sometimes  reported,  although  refractive  ducting  of  sound 
(considered  earlier)  between  severe  arctic  temperature  inver- 
sions and  the  ground  may  also  be  important  in  such  cases. 

As  an  example,  in  comparing  the  importance  of  classical 
and  molecular  attenuation,  consider  a  frequency  of  2  kHz  in 
air  at  20C  with  15%  relative  humidity.  The  classical  absorp- 
tion   coefficient    is    kc=1.7X  10~"/m.    From    Fig.  2, 


k   =    k      +   k      +    k 


(6) 


The  subscripts  stand  for  classical,  molecular,  and  scattering 
(or  excess)  attenuation,  respectively  (Hall,  1972). 

Classical  attenuation  of  sound  is  caused  by  the  finite  vis- 
cosity of  air,  which  leads  to  heating  of  the  atmosphere  as  the 
sound  wave  passes,  and  by  radiation  and  heat  conduction 
from  the  high  pressure  regions  of  the  sound  wave.  Classical 
absorption  was  first  studied  by  Stokes  (1849),  and  elabo- 
rated upon  by  Rayleigh  ( 1896).  Classical  absorption  varies  as 
the  frequency,  f,  raised  to  the  second  power,  or 

k     =   4.24    fJ    x    10"" 

as  given  by  Beranek  (1954).  The  units  of  k  in  this  example 
are  1/m.  Compared  to  the  other  two  sources  of  attenuation, 
classical  absorption  is  so  small  as  to  be  essentially  negligible 
in  the  audible  range  of  frequencies  under  normal,  temperate 
atmospheric  conditions. 

The  first  careful  investigation  to  determine  the  cause  of 
atmospheric  absorption  of  sound  above  that  predicted  by  the 
classical  theory  was  performed  by  Knudsen  (1931).  He 
discovered  the  marked  dependence  of  absorption  on  the 
humidity  of  the  air.  In  a  later  investigation,  he  showed  that 
the  abnormally  high  absorption  in  air  is  determined  by  an 
interaction  between  oxygen  and  water  molecules;  when  a  test 


l-'ig.  2  Molecular  attenuation  coefficients  for  acoustic 
waves  in  the  atmosphere  as  a  thin  tioti  oj  humidity  and 
frequency.  Il-'rom  Harris,  !V66,p.  155.) 
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km  =  6  X  IO_:l/m,  or  a  factor  35  times  the  classical  attenua- 
tion. From  this  comparison  it  is  easy  to  appreciate  why 
classical  attenuation  is  usually  disregarded  in  considering 
sound  propagation  in  standard,  temperate  atmospheres. 

Acoustic  echo  sounding  is  feasible  because  sound  is 
scattered  from  a  probing  acoustic  beam  by  temperature 
structure  and  wind  turbulence  in  the  atmosphere.  Obviously, 
if  energy  is  scattered  from  the  beam  the  intensity  of  the 
beam  will  decrease.  This  excess  attenuation,  over  and  above 
classical  and  molecular  contributions,  is  expressed  by  the 
third  coefficient  on  the  right  side  of  Eq.  (6).  The  magnitude 
of  ks  will  depend  upon  the  structure  of  the  atmosphere. 
Field  tests  by  Beran,  Reynolds,  and  Gething  ( 1970),  utilizing 
a  sound  source  on  a  sailplane,  indicate  that  excess  attenua- 
tion may  be  negligible  under  some  atmospheric  conditions, 
but  may  be  an  order  of  magnitude  larger  than  molecular 
absorption  for  other  conditions.  A  similar  range  of  variation 
for  excess  attenuation  was  found  by  Dneprovskaya,  Iofe,  and 
Levitas  ( 1963),  who  measured  excess  values  of  5  -  23  dB/km 
near  2  kHz.  Until  we  know  more  about  sound  propagation 
and  scattering  in  the  free  atmosphere,  little  more  can  be  said 
about  excess  attenuation.  Eventually  it  should  be  possible  to 
predict  its  magnitude  by  observing  acoustic  energy  scattering 
with  an  echo  sounder.  Accurate,  quantitative  interpretation 
of  echo  sounding  returns  depends  critically  upon  under- 
standing all  aspects  of  attenuation  in  the  real  atmosphere, 
and  more  research  needs  to  be  accomplished,  both  theoreti- 
cal and  experimental,  on  the  propagation  of  sound  in  realistic- 
atmospheres. 

Scattering 

The  theory  of  the  scattering  of  sound  caused  by  velocity 
fluctuations  in  the  atmosphere  has  been  discussed  by  Light- 
hill  (1953)  and  Kraichnan  (  \'>53),  while  Bachelor  (  1957)  has 
treated  the  scattering  caused  by  temperature  inhomogene- 
ities.  Monin  (1961)  showed  that  the  fraction.  a(0),  of  the 
incident  power  scattered  from  a  unit  volume  per  unit  in- 
cident flux  into  a  unit  solid  angle  is 


3(   ")     = 


il~     CO; 


I(V)    (^   sin  |) 


(7, 


KT)    (^   sin   T) 


where  0  is  the  scattering  angle  measured  from  the  direction 
of  propagation  of  the  incident  wave.  X  is  the  wavelength  of 
sound  for  average  temperature  T.  'l'(V)  is  the  three- 
dimensional  spectral  density  of  fluctuations  in  wind  velocity, 
C,  is  the  speed  of  sound  in  the  undisturbed  atmosphere.  <HT) 
is  the   three-dimensional  spectral  density  ol   fluctuations  in 


temperature,  and  T  is  the  average  atmospheric  temperature  in 
degrees  Kelvin  in  the  scattering  volume. 

Both  <I>(V)  and  <i>(T)  are  evaluated  at  the  spatial  scale,  X', 
where 


A'    = 


2   sin  - 

Little  (1970)  calls  the  term  (4tt/A)  sin  (0/2)  the  effective 
wave  number  at  which  an  acoustic  radar  scattering  through 
angle  0  interrogates  the  medium. 

In  deriving  Eq.  (7)  it  has  been  assumed  that  wind  and 
temperature  fluctuations  are  uncorrelated  and  homogeneous, 
that  the  atmosphere  is  locally  isotropic,  and  that  humidity 
fluctuations  are  not  important.  Scattering  from  humidity 
fluctuations  would,  typically,  be  two  to  three  orders  of 
magnitude  less  than  scattering  by  temperature  and  wind 
fluctuations;  therefore  it  may  be  ignored.  The  other  assump- 
tions are  not  so  clearly  acceptable,  but  experience  has  shown 
that  Eq.  (7)  does  provide  first-order  approximations  to  sound 
scattering  in  the  lower  troposphere. 

Kolmogorov  (1941)  studied  the  local  structure  of  turbu- 
lence in  an  incompressible  viscous  fluid  at  very  large  Rey- 
nolds numbers.  He  concluded  that,  in  such  a  fluid,  energy  is 
partitioned  among  the  turbulent  eddies  in  proportion  to 
K~  '  ,  where  K  is  the  wave  number.  Using  the  Kolmogorov 
spectrum  of  turbulence,  Eq.  (7)  may  be  written 


o(6)    =   0.055   A 


cos'    -  +  0.13  — 

Z  ...2 


(sin  f) 


(8) 


The  terms  Cy  and  Cj  are,  respectively,  velocity  and  thermal 
structure  parameters,  which  are  defined  as  follows: 


c2    = 


V(x)    -   V(x  +  Ax) 
(Ax)"3 


T(x)    -   T(x   +   Ax) 
(Ax)"J 


where  V(\)  and  T(x)  arc  instantaneous  wind  speed  and 
temperature  at  position  \,  and  V(\  +  Ax)  and  T(x  +  Ax)  are 
corresponding  values  at  position  x  +  Ax.  The  x-axis  may  be 
chosen  in  any  direction  which  is  appropriate  to  the 
experiment. 

It  is  apparent  from  Eq.  (X)  that  scattering  is  weakly  depen- 
dent on  A,  and  that  short  waves  are  scattered  more  strongly 
than  long  waves.  Equation  (8)  also  shows  that  scattering  is 
highly  dependent  on  the  scattering  angle.  In  particular, 
scattering  from  wind  velocity  fluctuations  is  a  function  of 
cos2  0  cos2  (0/2)  [sin  (0/2)]  ~U/J,  a  product  which  vanishes 
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at  6  =  tt/2  and  8  =  n.  Hence,  neither 
backscattering  nor  scattering  normal  to 
the  direction  of  sound  propagation 
should  be  expected  from  mechanical 
turbulence.  Scattering  from  temperature 
inhomogeneities  may  be  expected  at 
8  =  77  but  not  at  8  =  rr/2.  Figures  3(a) 
and  3(b),  from  Baerg  and  Schwarz 
(1966),  provide  a  comparison  of  theory 
with  experimentally  determined  scatter. 

Acoustic  Radar  Equation 

The  useful  power,  Pr,  returned  from 
disturbed  scattering  centers  in  the  atmo- 
sphere to  a  receiver  located  at  the  site  of 
a  transmitter  that  is  transmitting  power. 
P,,is 


P,  OCTA   L 


P      = 


2K 


CM 


where  a  is  the  value  of  o{0 )  when  8  =  n 
[from  Eq.  (8),  a(7r)  =  0.0072A"1'3  X 
(Cj/T2)],  r  is  the  sound  pulse  length 
(time),  A,,  is  the  effective  cross-sectional 
area  of  the  antenna,  L  is  a  term  which 
accounts  for  attenuation  throughout  the 
round  trip,  and  R  is  the  range  to  the 
target  volume. 

Consider  now  the  power  levels  to 
which  an  echo  sounder  system  receiver 
must  respond.  The  theoretical  limit  is 
the  acoustic  noise  power  generated  by 
the  random  thermal  motion  of  atmo- 
spheric molecules.  Under  most  condi- 
tions, the  noise  of  wind  across  the  trans- 
ducer, insects,  birds,  and  especially 
human  transportation  and  industrial 
activities,  will  exceed  the  theoretical 
limits.  More  details  on  background  noise 
are  given  by  Simmons,  Wescott,  and 
Hall  (1971). 

The  acoustic  power  return  for  a  nom- 
inal transmitted  power  of  20  acoustic 
watts  may  range  from  near  the  theoreti- 
cal limit  at  ranges  of  100  m  to  1  km  for 
nonturbulent  regions,  to  60  or  70  dB 
above  the  noise  limit  for  an  atmosphere 
with  a  strong  thermal  structure  function 
ai  a  range  of  50  m.  It  is  therefore 
necessary  that  the  acoustic  echo  sound- 
ing system  be  capable  of  responding 
over  an  extremely  wide  dynamic  range. 


SCATTERING  ANGLE  triegrt 


I 

23  0 


SCATTERING  ANGLE  Wei 


Fig.  3  Comparisons  of  theoretical  scatter  with  experimental 
observations.  Part  (a)  sln>ws  acoustic  scatter  from  the  velocity 
field;  part  (bj  shows  acoustic  scatter  from  the  temperature 
field.  (From  Baerg  and  Schwarz,  1966,  p.  1131.) 
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An  echo  sounder  system  with  a  total  dynamic  range  of  95  dB 
does  not  seem  to  exhibit  saturated  echoes  from  strong  ther- 
mal structure,  even  at  ranges  as  short  as  30  m. 

Doppler  Methods 

The  frequency  of  a  returned  signal  will  be  different  from 
the  frequency  of  the  transmitted  signal  if  there  are  net  wind 
or  temperature  changes  along  the  sounding  path  and  if  the 
scatterers  in  the  target  volume  are  in  motion.  According  to 
Georges  and  Clifford  (1972),  however,  the  frequency  change 
(doppler  shift)  produced  by  motions  within  the  target 
volume  dominates  over  the  changes  along  the  path. 

The  doppler  frequency  shift,  Af,  of  sound  of  frequency  f0 
scattered  by  a  scatterer  moving  with  the  velocity,  V,  of  the 
wind  is 


Af   - 


2tt      \    s  o  / 


(10) 


where  Ks  is  the  wave  vector  of  the  scattered  sound,  and  K0  is 
a  wave  vector  of  magnitude  2rr/X0  directed  along  the  direc- 
tion of  propagation  of  the  transmitted  sound. 


SCATTERING 
VOLUME 


SOUNDER     2 


h'ig.  4   Vector  diagram  showing  the  resolution  o} 
the  wiiid  in  the  plane  oj  two  intersecting 
si  mndcr  beams. 


Beran  and  Clifford  (1972)  have  shown  how  the  total  wind 
vector  at  the  target  volume  can  be  determined  using  three 
acoustic  doppler  sounders.  (Such  an  array  of  sounders  is 
depicted  in  Fig.  3  of  Beran's  article,  "Wind  Measurement 
with  Acoustic  Doppler,"  in  this  issue  of  Atmospheric 
Technology. ) 

Figure  4  shows  the  geometry  of  the  wind  velocity  and 
transmitted  and  scattered  sound  rays  in  such  an  array  in  a 
plane  which  includes  the  vertically  directed  sounder  and 
either  of  the  other  sounders  portrayed  in  Beran's  Fig.  3.  The 
vertical  component  of  wind  velocity  can  be  determined  by 
the  vertical  sounder  alone.  If  the  other  sounders  of  a  three- 
sounder  array  are  also  active  (i.e.,  transmit  as  well  as  receive), 
it  is  possible  to  measure  three  components  of  wind  simul- 
taneously and  hence  the  total  wind  vector  in  the  intersection 
of  the  beams. 

It  is  also  possible  to  obtain  the  total  wind  vector  with  only 
one  active  sounder  and  two  receiving  antennas.  A  pulse  trans- 
mitted vertically  at  the  active  sounder  scatters  continuously 
as  it  propagates  upward.  The  scattered  sound  is  received  at 
the  other  sounders,  and  the  time  lapse  after  transmission 
serves  as  a  measure  of  the  height  of  the  scattering  volume.  If 
the  sound  is  not  refracted,  the  wind  component  measured  by 
this  arrangement  is  directed  approximately  along  the  bisector 
of  the  antenna  axes,  as  will  be  shown  in  the  following 
discussion. 

The  vector  (Ks  -  K0)  is  shown  in  Fig.  4  for  sound  from 
sounder  1  scattered  by  the  scattering  volume  to  sounder  2. 
Since  |KS|^|K0|, 


IM-HrHf) 


Substituting  |(KS  -  K0)|V  cos/3  for  (Ks  -  KQ)  •  V  in  Eq.  (10) 
and  solving  for  V  cos  0  yields 


Af   A 


V   cos   8  * 


2   sin 


I"^l 


(6 


since  f0X0  =  c0.  The  direction  of  vector  (Ks  -  K0)  is  known, 
and  V  cosj3  is  the  component  of  the  total  wind  in  that  direc- 
tion. In  general,  Vj  •  V  =  Vj*  where  Vj  is  the  vector  com- 
ponent of  the  wind  in  any  known  direction.  If  three  such 
vector  components  are  known,  V  may  be  determined.  This 
condition  is  fulfilled  if  we  know  the  vertical  wind  com- 
ponent, the  wind  component  in  the  direction  of  (Ks  —  ICo) 
for  sounders  1  and  2,  and  a  similar  wind  component  for 
sounders  1  and  3,  where  the  sounders  are  separated  by  suffi- 
cient distances  to  provide  acceptable  resolution. 

In  the  discussions  above  no  question  has  been  raised  of  our 
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ability  to  measure  the  doppler  frequency,  and  Af  has  been 
used  as  if  it  were  a  single,  well-defined  value.  If  the  many 
scatterers  in  the  scattering  volume  do  not  all  have  the  same 
velocity,  there  will  be  many  doppler  frequencies,  and  we 
must  be  prepared  to  deal  with  a  doppler  spectrum.  The 
frequency  spectrum  of  the  returned  signal  is  compared  with 
that  of  the  transmitted  pulse  to  obtain  the  doppler  spectrum. 
Figure  5,  after  Little  (1970),  shows  how  Af  may  be  obtained 
from  the  doppler  spectrum.  It  provides  a  measure  of  the 
mean  velocity  of  the  scattering  volume  (assumed  to  be  the 
wind  velocity),  while  the  broadening  of  the  spectrum,  6f, 
contains  information  about  the  turbulence. 


FREQUENCY- 


Acoustic  Measurements 

Monostatic  acoustic  sounder  systems  (systems  in  which 
the  transmitter  and  receiver  are  located  together)  have  been 
used  extensively  in  many  places.  They  are  simple  and  they 
provide  many  qualitative  and  some  quantitative  data  that  are 
not  otherwise  available;  the  signal  can  be  readily  recorded  by 
facsimile  recorder  and  viewed  immediately.  McAllister 
(1968)  was  first  to  demonstrate  the  dynamic,  coherent 
patterns  of  atmospheric  structure  using  a  facsimile  recorder, 
whereas  an  earlier  study  (Gilman,  Coxhead,  and  Willis,  1946) 
lacked  this  dramatic  data  presentation  scheme,  and  con- 
sequently was  not  widely  noticed.  An  example  of  a  facsimile 
record  is  shown  by  Fig.  6.  This  situation,  discussed  by 
Hooke,    Young,    and    Beran    (1972),    shows    several   strata 


Fig.  5   The  ability  of  the  doppler  radar  to  measure  the  mean 
radial  component  of  velocity  (proportional  to  Af)  and  the 
fluctuation  in  that' component  (proportional  to  bf). 
(From  Little,  1970,  p.  400.) 

Fig.  6  Microbarograph  and  acoustic  sounder  records  for  the 
early  morning  of  3  March  1971  on  Table  Mountain  near  Boulder, 
Colorado.  As  displayed  above  the  sounder  record,  the  pressure 
traces  of  microbarographs  on  the  ground  near  the  sounder  have 
been  time-shifted  relative  to  one  another  so  as  to  provide 
maximum  cross-correlation  in  the  time  interval  between  0100 
and  0200  local  time.  As  displayed  below  it,  they  have  been 
shifted  to  provide  maximum  cross-correlation  for  the  event 
occurring  at  about  0315  local  time.  The  white  line  superimposed 
on  the  sounder  record  is  the  pressure  trace  of  one  of  the 
microbarographs.  Time  scales  are  the  same  for  all  records. 
(From  Hooke,  Young,  and  Beran,  1972,  p.  373.) 
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between  the  surface  and  850  m.  Since  backscatter  only  is 
used  by  monostatic  acoustic  radar  (wind  turbulence  does  not 
scatter  at  d  =  7r),  all  of  the  structure  seen  in  Fig.  6  must  be 
caused  by  temperature  inhomogeneities.  Neither  absolute 
temperature  nor  temperature  gradients  can  be  determined 
from  this  type  of  record,  but  the  interaction  of  Cj  with 
temperature  gradient  and  Richardson's  number  makes  it 
possible  to  interpret  the  vertical  temperature  structure  quali- 
tatively. The  regions  which  are  dark  return  a  strong  echo  and 
are  associated  with  turbulent  parcels  of  either  stable  or 
unstable  lapse  rates.  The  white  areas  are  associated  with  low 
turbulence  regions  or  with  neutral  lapse  rates.  This  particular 
record  shows  the  strata  undergoing  wavelike  undulations. 
The  white  line  superimposed  on  the  sounder  record  is  a 
pressure  trace  from  a  microbarograph  located  on  the  ground 
near  the  sounder.  It  is  easy  to  show  how  useful  even  such 
simple  acoustic  sounder  systems  can  become  in  boundary- 
layer  dynamics  studies  (Hooke,  Hall,  and  Gossard,  1973)  and 
pollution  studies  (Wycoff,  Beran,  and  Hall,  1973),  to 
mention  only  two  possibilities. 

The  low  cost  of  components  and  the  straightforward 
engineering  involved  in  acoustic  echo  sounders  make  them 
favored  projects  for  university  research.  At  the  University  of 
Melbourne,  a  sounder  has  been  used  to  study  atmospheric 
turbulence  (Beran,  1970)  and  the  changes  in  lower  tropo- 
sphere structure  during  frontal  passages  (Shaw,  1971). 
Stratus  cloud  tops  exhibit  wavelike  undulations  in  a  Univer- 
sity of  Oklahoma  investigation  (Cronenwett,  Walker,  and 
Inman,  1972),  while  studies  at  the  University  of  Toronto 
have  proven  the  feasibility  of  operating  sounders  on  top  of 
tall  buildings  in  noisy,  urban  areas  (List,  Bennett,  and 
Rentsch,  1972). 

Adding  doppler  capability  to  a  monostatic  system  makes  it 
possible  to  determine  the  vertical  motion  as  well  as  to 
measure  wave  motions  in  the  boundary  layer.  Beran,  Little, 
and  Willmarth  (1971),  using  an  acoustic  doppler  sounder, 
found  that  in  thermal  plumes,  echo  strength  correlated  with 
vertical  motion  (see  Fig.  2  in  Beran's  article  in  this  issue); 
however,  the  strongest  echoes  appear  to  be  associated  with 
the  region  of  maximum  shear  between  rising  warm  air  and 
descending  cooler  air. 

Winds  measured  by  acoustic  sounders  in  an  arrangement 
like  that  shown  in  Fig.  4  have  been  compared  with  winds 
measured  by  a  boundary  layer  profile  (BLP)  balloon  system 
by  Beran  and  Willmarth  (1971)  and  Beran  and  Clifford 
(1972).  See  Fig.  4  of  Beran's  article  in  this  issue.  In  that 
article  Beran  also  discusses  an  interesting  application  of  a 
doppler  acoustic  sounder  at  an  airport. 

Conclusion 

These  few  examples  only  suggest  what  is  evident  from 
theory  and  numerous  detailed  observations,  that  enough 
acoustic  energy   is  scattered   in    the   boundary   layer  of  the 


atmosphere  to  provide  useful  wind  profile  and  thermal 
structure  data.  Complete  profiles  of  the  scattering  structure 
may  be  obtained  once  every  several  seconds,  with  a  spatial 
resolution  of  10  m. 

Experimental  problems  which  have  been  mentioned  are 
generally  not  serious,  but  they  cannot  be  ignored.  Sound 
transmitters  and  receiving  antennas  cannot  be  completely 
shielded  from  annoying  interference  by  other  audible  sounds. 
Wind  noises  across  the  receiving  antenna  make  even  the  best 
system  inoperative  when  the  wind  exceeds  10  m/sec.  Rain  on 
the  antenna  can  also  be  a  problem  at  a  time  when  good  data 
might  be  especially  desired.  Thus  even  a  system  located  away 
from  population  centers,  where  the  noise  produced  by  the 
transmitter  is  not  a  problem  and  where  other  noises  are 
minimized,  cannot  be  expected  to  yield  acceptable  data 
continuously. 

On  balance,  however,  a  properly  used  acoustic  sounder 
system  is  a  powerful  tool  for  atmospheric  research  and 
monitoring.  Several  commercial  models  are  now  available  for 
purchase,  or  an  innovator  can  build  a  relatively  inexpensive 
system  following  guidelines  available  in  several  NOAA 
reports  (Wescott,  Simmons,  and  Little,  1970;  Simmons  et  al., 
1971;  Owens,  1974). 

Sound  refraction  techniques  for  probing  the  atmosphere 
are  not  as  widely  used  as  techniques  that  depend  on  scat- 
tering. They  are  not  being  ignored,  however;  and  when 
low-level  inversions  or  strong  wind  shears  exist,  they  may  be 
capable  of  providing  information  that  an  acoustic  sounder 
cannot  provide.  Thus,  the  two  methods  may  be 
complementary. 

Theory  and  practice  are  progressing  hand  in  hand,  and 
improvements  in  both  hardware  and  techniques  can  be 
anticipated.  Clearly,  acoustic  echo  sounders,  like  electro- 
magnetic radar,  produce  vast  quantities  of  data.  Data 
handling  and  analysis  techniques  must  be  given  high  priority 
if  the  full  potential  of  acoustic  probing  is  to  be  realized. 
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1. 


INTRODUCTION 


Acoustic  echo  sounding  and  microwave  radar 
techniques  portray  in  detail  the  larger  scale 
features  of  the  planetary  boundary  layer  (Beran 
et  al.  1973;  Gossard  et  al.  1971;  Ottersten  et  al. 
1973).   Tracers  for  this  technique  are  small  scale 
turbulence  produced  refractive  index  fluctuations. 
This  fine  scale  turbulence  (scales  of  .05  to  1  m) 
and  the  associated  behavior  of  passive  additive 
scalars  such  as  potential  temperature  and  specific 
humidity  are  usually  presumed  to  follow  the  so- 
called  "inertial  subrange"  turbulence  laws 
(Tatarskii,  1971).   Such  a  presumption  has  provided 
the  bas's  on  which  comparisons  are  normally  made 
between  radar  reflectivities  and  measured  refrac- 
tive index  spectra  (Hardy  and  Katz  (1969),  Metcalf 
and  Atlas  (1973)).   These  comparisons  have  usually 
extrapolated  measured  (i.e.,  one  dimensional) 
spectra  to  small  scales  or  estimated  the  turbulent 
outer  scale,  and  usually  examined  a  single  turbu- 
lence regime  such  as  one  dominated  by  either  static 
stability  or  instability. 

The  acoustic  measurements  that  are  described 
here  used  redundant  and  multi-wavelength  (0.12, 
0.15,  0.19  m)  echo  sounding  systems  whose  data 
were  compared  with  in  situ  measurements  at  92  m 
above  the  surface.   These  measurements  spanned  the 
transition  from  a  turbulence  regime  dominated  by 
static  stability  to  one  dominated  by  static  insta- 
bility.  The  comparisons  were  posed  using  a  struc- 
ture function  approach  which  allows  both  echo 
sounding  and  in  situ  measurements  to  be  made  in  the 
same  spectral  region. 

The  last  feature  is  important  since  the 
analysis  is  then  sensitive  to  the  assumption  of 
local  statistical  isotropy  and  homogeneity  at  scales 
of  the  order  of  0.10  m,  and  not  to  the  details  of 
the  turbulent  cascade  process. 

This  paper  is  based  on  data  obtained  during 
a  remote  sensing  experiment  carried  out  in  August 
1972  at  the  NOAA  152  m  meteorological  tower  near 
Haswell,  Colorado.   This  site  lies  at  an  elevation 
of  1307  m,  on  the  plains  of  eastern  Colorado.   The 
period  of  the  experiment  was  characterized  by  clear 
days  with  strong  surface  heating,  followed  by 
nights  with  pronounced  radiative  cooling. 

2.      EXPERIMENT  INSTRUMENTATION 


parameters  for  both  the  single  and  multi-frequency 
channels  used  in  the  present  experiment  are 
shown  in  Table  1.   The  configuration  of  the 
sounder  systems  is  shown  in  Figure  1 


FABLE  I 

Single 

Multiple 

Frequency 

Frequency 

Frequency 

2250  Hz 

1750,2250,2750 

Hz 

Pulse  Length 

30  ms 

30 

ms 

Pulse  Rep.  Period 

4  s 

4 

s 

Efficiency 

4.5  % 

4.5%, 4. 5%, 2. 8% 

Receiver  Bandwidth 

100  Hz 

300 

Hz 

Antenna  Area 

1.8  m2 

1.8 

m^ 

Electrical  Power 

100  W 

25 

w 

Vertical  Range 

680  m 
s.)  3.2  ° 

590 

m 

Beamwidth  (-3dB  Pt 

4. 5°, 3. 2°, 2. 2° 

Ant.'B' 


Figure  1.   Sounder-Tower  configuration  with 

nominal  pulse  length  and  beam  width. 

Supporting  meteorological  data  were 
obtained  300  m  from  the  sounders  on  a  152  m 
tower  instrumented  at  30.5  m  intervals. 
Thermistors  and  bivanes  were  located  at  these 
fixed  levels  and  on  the  tower's  movable  carriage. 
In  addition,  the  carriage  and  the  92  m  fixed 
level  were  instrumented  with  "C"  sensors 
(Lawrence  et  al.,  1970.)   These  sensors  give 
by  analog  computation  the  rms  temperature 
difference  between  two  fast-response  temperature 
sensors  spaced  0.20  m  apart  in  the  vertical. 
These  data  were  digitally  recorded  in  1  sec 
integrated  samples.   In  addition,  hygrothermo- 
graph  and  barograph  recordings  were  made  at  all 
the  fixed  levels  and  microwave  refractivity 
at  61  and  92  m.   These  were  used  to  calculate 
corrections  for  the  attenuation  of  the  acoustic 
signal . 


Acoustic  echo  sounding  instrumentation 
has  been  described  in  detail  by  McAllister  et  al. 
(1969),  and  Simmons  et  al.  (1971).   The  system 


3. 


THEORY  AND  ANALYSIS 


The  sounder  data  were  analyzed  using  a 
"radar"  equation  approach.   This  yielded  a  value 
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of  the  acoustic  backscatter  cross-section,  a   , 

for  each  sounder  range  gate.   The  evaluation  of 

the  correction  terms  that  occur  in  this  equation 

is  described  in  detail  by  Neff  (1975)  and  will 

not  be  repeated  here.   The  result  of  that  analysis 

showed  a  possible  systematic  error  of  ±  3  dB  in 

the  evaluation  of  a   . 
o 

Following  Batchelor  (1957)  and  Monin  (1962), 
the  acoustic  scattering  cross  section,  a  ,  can 
be  expressed  in  terms  of  the  isotropic,  ?hree 
dimensional  spectral  density  of  temperature, 


=  Ik 


.(2k) 


T 


(1) 


where  k  =  2tt/A  is  the  incident  acoustic  wave 
number  corresponding  to  wavelength  A,  and  T 
the  local  temperature  (°K) . 


The  spectral  density,  <f>  ,  is  related 
to  in_  situ  data  through  an  analysis  of  the 
temperature  structure  function  defined  by 


DT(r)  =<(T(X) 


T(r"+X))2> 


(2) 


where  <  >  indicates  an  ensemble  average  and 
x  defines  the  location  at  which  D  is  evaluated 
for  some  separation  r.   This  is  related  to  $ 
for  a  locally  isotropic  and  homogeneous  field 
through  an  expression  given  by  Tatarskii  (1971): 


DT(r)  = 
where  r  = 


8tt  f 

\r\° 


(1 


sin  kr 
kr 


)  $T(k)  k'dk 


(31 


For  inertial  subrange  scales  of  turbulence 
(scales  between  those  of  energy  input  and  those 
of  molecular  dissipation)  similarity  theory  and 
experiment  show  D  to  be  proportional  to  r" 
where  U  =  2/3,  r 


the  constant 
1971): 

(4) 


|r|  and  C 
of  proportionality  (Tatarskii, 

DT(r)  =  CT2  rU 

The  range  of  r  over  which  this  will  be  valid 

will  depend  in  general  on  the  stability  of  the 

atmosphere  and  the  height  of  the  measurements 
above  the  surface. 

Using  (4)  with  0  <  u  <  2,  Tatarskii  shows 
that  (3)  can  be  inverted  to  yield  the  following 
expression  for  the  scattering  cross-section 


-r(U+2)sin(^)     (2kffH  +  3\2  (5) 


8ttT" 


Taking    v  =   2/3,    this   yields   the   result 

1/3        2      2 
0     =   0.0039  k   '      C,  /T 
o  1 

Using  (6)  and  the  "radar  equation",  a  volume 
averaged  measure  of  C_/  at  each  range  gate 
can  be  obtained. 


(6) 


A  corresponding  measurement  of  the  struc- 
ture function  D  (r)  (and  hence  C_  through 
(4))  was  obtained  on  a  continuous  basis  from 
the  92  m  fixed  level  of  the  tower.   This 
output  was  averaged  over  the  pulse  repetition 
period  for  comparison  purposes.   For  a  period 
of  4  sec  and  a  nominal  wind  speed  of  5  ms   , 
this  yields  an  average  over  a  horizontal 
distance  comparable  with  the  sounder  beamwidth 
at  92  m. 


There  are  several  significant  features  to 
this  type  of  analysis.   In  Figure  2  we  have  plotted 
the  fractional  "error"  in  the  ratio  of  C_'  from  the 
sounder  to  C  2  from  the  tower  using  the  2/3"  law 
in  the  application  of  (4)  and  (5)  rather  than  some 
other  hypothetical  value  of  u  in  (5).   This  is 
done  for  0  <  u  <  2  and  several  values  of  r  and  A. 
As  can  be  seen,  the  comparisons  will  not  provide 
a  sensitive  test  of  inertial  subrange  spectral 
predictions  for  Aftr.   At  the  same  time  they  will 
not  depend  on  spectral  extrapolation  to  small 
scales  or  interpretation  of  spectral  slopes  from 
one  dimensional  measured  spectra.   Since  a  range 


of  4>T  or  alternatively  an  estimate  of  the  turbulent 
outer  scale  are  not  required,  long  sampling  times 
are  not  necessary  and  hence  the  comparisons  can  be 
posed  in  terms  of  "local"  values  of  C_  .   This 
then  allows  the  use  of  cumulative  probability 
distributions  of  C_^. 


r  =  111^ 

1--0.U 


CT2  [SOUNDER] 

CT2  [TOWER] 


Figure  2.   Fractional  error  in  computed  sounder- 
tower  ratios  of  C  2  resulting  from  the 
use  of  the  "2/3"  power  law. 
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Although  both  techniques  obtain  a  measure 
of  i>     at  the  low  end  of  the  spectrum,  there  do 
remain  differences  in  the  way  by  which  the  spec- 
trum is  sampled.  In  particular,  the  sounder 
samples  in  a  very  narrow  range  about  2k  =  4ir/  > 
where  the  spectral  weighting  is  given  primarily 
by  the  Fourier  transform  of  the  incident  pulse 
form.   This  very  narrow  band  sampling  of  <J>_,(K) 
then  competes  against  the  effect  of  the  volume 
averaging  of  <J>_(K)  as  is  implied  in  the  cross- 
section  calculation.   To  compare  this  with 
the  relatively  wide  band  sampling  of  <t>T(K) 
implied  in  (2),  we  presume  that  <}>T(K)  is  a 
suitably  well  defined  function  of  K  over  the 
pulse  volume  and  repetition  period  of  the 
sounder.   If  not,  then  one  might  expect  a 
larger  sounder  C  2  statistical  variance  than 
that  derived  from  in  situ  measurements. 


Inertial  subrange  assumptions  can  be 
tested  indirectly  through  the  form  of  the 
cumulative  probability  distributions.   This 
follows  from  the  relation  between  C-T   and 
other  meteorological  fields  that  arises  when 
■H   inertial  subrange  is  assumed.   This  relation 
is  given  by  (Tatarskii,  1961;  Wyngaard  and  Cote, 
(1971) 


2         -1  /3 
CT  =  3.2  N  e  L/i 


(7) 


where  N  is  the  rate  of  destruction  of  the 
temperature  fluctuations  (°C2s"1)  through 
conduction  and  £  is  the  turbulent  dissipation 
rate  of  kinetic  energy  (nr  s  1/3) .   Beeause 
in   e  and  ?n  N  should  possess  a  Gaussian  distri- 
bution (Obukhov,  1962;  Kolmogorov,  1962,  Gurvich 
and  Yaglom,  1967)  it  follows  that  C  2  should 
be  similarly  distributed  with  the  greatest 
dependence  on  N  rather  than  e  (Gibson  et  al . , 
1970).   In  general,  the  apparent  log-normality 
of  the  sounder  and  tower  C_  data  will  also 
depend  on  noise  levels,  electronic  saturation 
and  the  number  of  samples  in  the  distribution. 
One  should  also  note  that  such  probability 
distributions  will  reflect  contributions  from 
scales  over  which  the  echo  intensity  and 
in  situ  data  are  averaged. 

Distributions  were  generated  from  blocks 
of  data  several  hours  in  length,  containing 
several  thousand  samples.   Two  adjacent  time 
periods  were  chosen,  each  representing  a  fairly 
distinct  turbulence  regime.   Examining  the 
character  of  these  distributions,  the  variances, 
and  the  median  values  one  is  thus  able  to  test 
the  calibration  of  the  sounder  against  "conventional' 
in  situ  data. 

4.      DATA  COMPARISONS 

Our  primary  analysis  period  occurred  on 
15  August,  1972  when  two  sounders  were  collocated 
as  shown  in  Figure  1.   Antenna  B,  tilted  30 
from  the  vertical,  was  operated  in  a  multifrequency 
mode.   This  period  covered  a  portion  of  a  weak 
(2  C/100  m)  nocturnal  inversion  followed  by  the 
development  of  convection  and  the  associated  rise 
of  the  inversion  as  revealed  by  the  facsimile 


record  (Figure  3).  During  this  period,  the  mean 
wind  was  generally  directed  from  the  tower  towards 
the  sounders  at  the  92  m  level.   The  sensors  were 
located  on  the  windward  side  of  the  tower. 


Figure  4  shows  a  time  series  comparison 
of  C  2  levels  (at  92  m)  where  we  have  plotted 
5  min  averages  of  C  '  from  the  tower  and  the 
col located-sounder-multi frequency  data.   These 
data  have  been  low  pass  filtered  to  show  a 
portion  of  the  strong  diurnal  trend  in  C_/ 
levels.   Figures  5a,  b,  show  cumulative 
probability  distributions  comparing  in  situ 
and  sounder  C_^  values  for  the  periods  charac- 
terized as  "inversion,"  and  developing  convec- 
tion respectively.   The  coordinate  system  is 
logarithmic  vs  Gaussian.   Correspondingly, 
lognormal  data  plots  as  a  straight  line  with  the 
slope  related  to  the  variance  (Gibson  et  al . ,  1970). 

Sounder  median  values  and  variances  larger 
then  those  from  the  in  situ  sensor  characterize 
the  "inversion"  case  in  Figure  5a.   The  data 
appears  nearly  lognormal  despite  the  spread  in 
the  median  values. 

Slightly  stable  to  unstable  lapse  rates 
prevail  during  the  period  of  developing  convec- 
tion from  0730  to  1000  in  the  region  of  comparison. 
Figure  5b  shows  excellent  agreement  in  this  case. 
The  sounder  variances,  as  reflected  in  the  proba- 
bility distributions,  also  agree  with  those  from 
the  tower  with  the  exception  of  the  vertical  sounder. 
This  one  exception  may  be  due  to  a  small  multipli- 
cative error  combined  with  an  improved  signal-to- 
noise  ratio  in  this  channel.   The  disagreement  in 
the  block  averaged  sounder  C  2  values  following 
0900  follows  the  excellent  agreement  near  0850. 
The  only  noticeable  difference  on  the  facsimile 
is  the  appearance  of  a  series  of  plume  "tops" 
near  the  92  m  level  in  the  period  0910-0945.   Note 
the  decreasing  correlation  with  the  tower  during 
this  period  also,  particularly  near  0940.   This 
decorrelation  may  arise  from  a  modulation  of  the 
convective  thermal  structure  by  vortex  rolls  or 
other  instability  modes  in  the  boundary  layer 
flow  (e.g.  Brown  1974). 

5.    DISCREPANCIES 

5.1  Anomalies  associated  with  the  inversion 


Figure  4  shows  a  fairly  marked  disagreement 
shortly  after  0700.   To  examine  this  anomaly  in 
more  detail  we  computed  ratios  of  sounder  to  tower 
median  C  -  values  in  ten  minute  data  blocks  through 
the  transition  period  (~0700).   These  ratios  for 
each  sounder  and  frequency  appear  in  Figure  6. 
Figure  7  shows  a  facsimile  detail  and  the  corres- 
ponding tower  potential  temperature  time  series  at 
92  m  and  152  m  which  reveal  the  rise  of  the  inver- 
sion and  the  subsequent  development  of  an  adiabatic 
region.   The  wavelike  perturbations  of  the  inver- 
sion, particularly  between  0708  and  0713,  show  in 
the  92  m  temperature  trace  and  later  (~0722)  in 
the  152  m  trace. 
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Figure  3   Vertical  sounder  facsimile  record  for  the  period  0600-lOOn,  15  August, 
1972  at  Haswell,  Colorado.  The  vertical  range  is  680m  and  the  height  of  com- 
parison with  the  tower,  92m,  is  indicated. 
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Figure  4   Time  series  of  ^T   from  each  source  for  the  period  0510-1000,  15  August 

1972.   Data  was  filtered'with  a  15  minute  running  average  and  then  averaged  in 
5  minute  blocks  for  plotting. 
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Ratios  of  sounder  derived  median  C 
tower  median  C_^  for  10  min  data  blocks 
for  each  channel,  0510-0850,  15  August 


As  convection  develops  following  0730,  the 
agreement  between  i_n  situ  and  echo  sounder-deter- 
mined CL."-  values  becomes  very  good  (seen  from 
Figure  6).   Comparison  of  the  data  in  Figures  6 
and  7  thus  suggests  a  close  connection  between  the 
structure  of  the  inversion  region  and  the  observed 
anomaly. 

Sounder  data  during  the  largest  anomaly 
is  shown  in  Figure  8  by  3  dB  increment  isopleths 
of  C_2.   The  visual  impression  is  that  of  a  serie 
of  dynamical  instabilities  in  fairly  advanced 
states  of  breakdown. 
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Figure  7.   Facsimile  record  detail  with  potential  temperature  time  series  for  the  period  0700-0730 
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Positive  identification  of  the  sounder 
delineated  structure  in  Figure  8  with  corresponding 
measurements  obtained  on  the  tower  can  be  approached 
using  either  time  series  analysis  of  the  C_/  data 
or  a  more  tenuous  method  of  inference  using  tower 
temperature  and  velocity  data,  pressure  array  data, 
and  assumptions  about  the  density  and  velocity 
structure  of  shear  instability  events.   This  latter 
technique  proved  to  be  useful  when  a  lag  correla- 
tion analysis  was  not  consistent  with  the  assump- 
tion of  advection  with  the  mean  wind.   These  incon- 
sistencies were  identified  with  the  effect  of  a 
large  azimuthal  shear  in  the  background  flow. 

These  types  of  analyses  are  described  by 
Neff  (1975^  and  found  to  give  fair  to  good  results 
in  establishing  that  the  shear  instability  related 
fine  structure  ought  to  correlate  over  the  tower  - 
sounder  separation  in  at  least  an  ensemble  average 
sense. 

In  those  cases  where  a  good  correlation 
exists  over  the  array,  one  can  then  postulate 
several  explanations  for  the  larger  than  expected 
scatter. 

(1)  This  small  scale  thermal  structure 

is  non-turbulent  and  therefore  the  present  scatter- 
ing theory  does  not  apply  in  these  cases  (Ottersten, 
1970;  Metcalf  and  Atlas,  1973). 

(2)  The  internal  turbulence  structure 
can  be  characterized  by  isotropy  and  homogeneity, 
but  the  anisotropy  sometimes  associated  with  the 
patch  boundaries  results  in  an  anomalously  large 
scattering. 

(3)  The  small  scale  structure  has  inertial 
subrange  characteristics  but  the  localization  of 
the  patches  may  introduce  aliasing  errors. 

If  cases  (1)  or  (2)  hold,  then  one  might 
expect  this  to  be  revealed  in  the  frequency 
dependence  or  aspect  sensitivity  of  the  scatter. 

5. 2  Aspect  and  frequency  dependence 

associated  with  the  "anomalous"  scatter 

To  test  the  aspect  sensitivity  and  the 
frequency  dependence  (from  the  30  tilted  sounder) 
we  examined  the  region  occurring  just  after  0712 
and  above  92  m  in  Figure  8.   Figure  9  shows  the 
vertical  profiles  of  C  2  obtained  from  each 
frequency  channel  and  averaged  in  2.7  m  range 
gates  over  this  period.   As  can  be  seen  there  is 
no  discernable  frequency  dependence  from  the 
tilted  sounder  returns.   Since  this  comparison 
represented  a  fairly  short  period  of  data,  the 
sounder  discrete  sampling  rate  may  have  introduced 
some  aliasing.   A  more  extensive  comparison  of  the 
aspect  sensitivity  showed  a  general  factor  of  two 
overestimate  of  C^  from  the  vertical  sounder 
relative  to  that  from  the  tilted  one  throughout 
the  stable  period  (0510-0710),  (Neff,  1975). 
Although  this  could  represent  the  effect  of  aniso- 
tropy at  small  scales,  such  an  overestimate  may 
also  arise  from  simple  geometrical  effects. 


< 


> 

o 

CO 

< 

»— 

I 

O 


'      A22S0  HZ 

• B  2250  HZ 

B27S0HZ 

120 

B17S0HZ              

>;r^~^-^ 

100 

ffi    y^ 

80 

v£    C~"    N  Vertical- 

Tilted-Multifrequency 

i l 1 l    i    ill   1 1 1—1 1 — i    i   l   l  1 

10" 


10"3 

2  ,or2  -2/3 
\   \.     m 


10 


-2 


Figure  9.  Vertical  profiles  of  C_  from  each 

sounder  channel  during  the  period  of 
maximum  anomaly  in  the  sounder-tower 
comparisons . 

6.     AN  ALIASING  ERROR  ANALYSIS 

A  dominant  feature  of  the  stably  stratified 
boundary  layer  is  the  development  of  quasi-horizontal, 
patchy  lamina.  At  small  time  and  space  scales 
statistical  isotropy  and  homogeneity  might  be 
expected  to  prevail.  Thus,  the  thermal  fine  struc- 
ture may  not  reveal  the  effect  of  larger  anisotropic 
scales  other  than  through  an  inhomogeneous  spatial 
distribution.  The  character  of  this  larger  scale 
anisotropy  would  appear  to  be  a  function  of  the 
background  static  stability  and  the  local  shear 
(e.g.  wave  induced).  This  suggests  that  one  ought 
to  determine  whether  aliasing  type  errors  can 
account  for  the  magnitude  of  the  observed  discrepan- 
cies . 

To  evaluate  the  magnitude  of  such  errors, 
we  examined  the  patch  geometry  shown  in  Figure  10. 
The  shaded  area  represents  the  apparent  echo  for 
a  pulse  length  CT  >>  L'  where  V   is  the  patch 
(or  layer)  thickness.  The  horizontal  scale  over 
which  such  echoes  will  persist  can  be  written 
L  =  CT  cot  4>  =  CT  (L  +L'")/(L'  +  L")  .   The  number 
or  sounder  sampling  intervals  within  L^  will  be 
N  =  L  /(u-T  ).   If  the    tilted  layer  is  of  infinite 
extent  one  can  pose  the  relative  sounder-tower  error 
over  the  time  L„/u  as 
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N  fei 


L    , 


L' 


N   L-  +  L" 
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in  the  limit  CT  »   [/  and'with  the  constraint 
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Figure  10.   Schematic  diagram  used  to  compute  the 
relative  sounder-tower  error  for  the 
case  of  turbulent  patches  distributed 
along  a  tilted  interface.   Beam  dimen- 
sions, patch  dimensions  and  spacings 
are  indicated. 

A   second  limiting  case  is  that  of  a  horizontal 
layer  (<J>  =o)  just  below,  within  a  distance  CT  of 
the  Z-r   sensor.   In  this  case  E_  ■*  °°  .   For  a  more 
complicated  geometry  such  as  oscillating  turbulent 
layer  at  or  below  our  92  m  comparison  level  one 
may  then  expect  2  <  E_  <  =•  for  periods  comparable 
with  that  of  the  oscillation. 

A  similar  geometrical  argument  shows  that 
relative  beam  filling  effects  may  also  account  for 
the  observed  descrepancy  in  the  aspect  sensitivity 
(Neff,  1975). 

6.     CONCLUSIONS 

Within  an  experimental  error  of  ±   3  dB, 
the  median  echo  sounder  C_*  agreed  over  a  considera- 
ble range  of  conditions  with  the  median  i_n  situ 
C   .   The  cumulative  probability  distributions  also 
agreed  well,  showing  the  theoretically  expected 
log-normal  character  in  most  cases.   From  the 
multi -frequency  echo  measurements  no  frequency 
dependence  in  the  computed  C~  values  could  be 
discerned. 

Under  conditions  of  static  stability,  the 
vertical  sounder  overestimated  C_/  relative  to 
the  tilted  sounder  and  tower  values  by  factors 
ranging  from  two  to  four.   It  was  suggested  that 
the  quasi-horizontal  spatial  ordering  of  the  small 
scale  turbulence  structure  under  statically  stable 
conditions  may  introduce  an  aliasing  of  the  in  situ 
C_2  measurements  relative  to  the  finite  volume 
echo  sounding  measurement.   The  same  spatial  struc- 
ture may  introduce  errors  of  the  magnitude  observed 
between  the  vertical  sounder  and  tilted  sounder, 
due  to  relative  beam  filling  effects. 

Our  analytic  result  suggests  that  such 
errors  between  tower  and  echo  sounder  values 
of  C„2  can  be  reduced  by  shortening  the  sounder 
pulse  length.   It  should  also  be  noted  that 
the  anomalies  in  the  stable  case  do  not  appear 
traceable  to  variations  from  the  "2/3"  power  law. 
This  is  in  view  of  our  earlier  result  that 
such  variations  would  produce  only  small  over- 
estimates (r*?,  y  <   2/3)and  more  likely  produce 
underestimates  ( i_  >  2/3). 


Our  results  show  the  ability  of  echo- 
sounding  techniques  to  yield  a  quantitative 
measure  of  the  spectral  density  of  temperature 
at  small  scales,  and  a  consistency  of  the 
statistical  isotropy  and  homogeneity  assump- 
tions with  observed  scattering  cross-sections. 
Because  of  the  similarity  between  problems 
of  electromagnetic  and  acoustic  scattering, 
our  results  should  apply  equally  well  to  both 
techniques. 


7, 


ACKNOWLEDGMENTS 


Many  members  of  WPL  contributed  to  the 
success  of  the  1972  Haswell  experiment  and  the 
data  from  which  this  paper  is  drawn.   Discussions 
with,  and  the  support  and  encouragement  of  Drs. 
F.  F.  Hall  and  D.  W.  Beran,  and  conversations 
with  many  other  members  of  WPL  are  gratefully 
acknowledged. 


Batchelor,  G.  K. ,  19S7:   Wave  scattering  due 
to  turbulence.  Symp.  on  Naval  Hydrodynamics 
(F.  S.  Sherman,  editor)  (Wash.,  D.  C. ,  NAS- 
NRC  Publ.  51S)  409-430. 

Beran,  D.  W.  ,  W.  II.  Hooke ,  and  S.  F.  Clifford 
1973:  Acoustic  echo-sounding  techniques 
and  their  application  to  gravity-wave, 
turbulence,  and  stability  studies. 
Boundary  Layer  Meteorol.,  4,  133-153. 

Brown,  R.  A.,  1974:  Analytical  methods  in 
planetary  boundary  layer  modelling. 
John  Wiley  6  Sons,  New  York,  146  p. 

Gibson,  C.  G. ,  G.  R.  Stegen,  and  R.  B. 

Williams,  1970:   Statistics  of  the  fine 
structure  of  turbulent  velocity  and 
scalar  fields  at  high  reynolds  number. 
J.  Fluid  Mech.  ,  4j_,  153-167. 

Gossard,  E.  E.,  D.  R.  Jensen,  and  J.  II. 
Richter,  1971:   An  analytical  study  of 
tropospheric  structure  as  seen  by  high- 
resolution  radar.   J .  Atmos .  Sci . ,  28, 
794-807. 

Gurvich,  A.  S. ,  and  A.  M.  Yaglom,  1967: 
Breakdown  of  eddies  and  probability 
distributions  for  small-scale  turbulence. 
Phys.  Fluids  Suppl.  1_0  (part  II),  S59. 

Hardy,  K.  R.,  and  I.  Katz,  1969:  Probing 

the  clear  atmosphere  with  high  power, 

high  resolution  radars.   Proc.  IEEE, 
57_,  468-480. 

Kolmogorov,  A.  N.,  1962:   A  refinement  of 
previous  hypothesis  concerning  the  local 
structure  of  turbulence  in  a  viscous 
incompressible  fluid  at  high  reynolds 
number.   J.  Fluid  Mech.  13,  82. 


269 

136 


Lawrence,  R.  S. ,  G.  R.  Ochs ,  and  S.  F. 

Clifford,  1970:   Measurements  of  atmos- 
pheric turbulence  relevant  to  optical 
propagation.   J.  Opt.  Soc.  Amer.  60 
(6),  826-830. 

McAllister,  L.  G.,  J.  R.  Pollard,  A.  R. 

Mahoney,  and  P.  J.  Shaw,  1969:   Acoustic 
sounding  -  A  new  approach  to  the  study 
of  atmospheric  structure,  Proc.  IEEE  57, 
579-587. 

Metcalf,  J.  I.,  D.  Atlas,  1973:   Microscale 
ordered  motions  and  atmospheric  structure 
associated  with  thin  echo  layers  in  stably 
stratified  zones.   Boundary  Layer  Meteorol. 
4,  7-35. 

Neff,  W.  D.,  1975:   Quantitative  evaluation 
of  acoustic  echoes  and  the  morphology  of 
small  scale  turbulence  in  the  planetary 
boundary  layer.   NOAA  ERL-IVPL  Tech.  Rept . 
(to  be  published] . 

Ovoukov,  A.  M. ,  1962:  Some  specific  features 
of  atmospheric  turbulence.  J.  Fluid  Mech. 
13,  77. 

Monin,  A.  S.,  1962:   Characteristics  of  the 
scattering  of  sound  in  a  turbulent  atmos- 
phere.  Akust.  Zh.  7,  457-461  (Sov.  Phys . 
Acoust.  7,  370-373). 

Ottersten,  H. ,  1970:  Radar  angels  and  their 
relationship  to  meteorological  factors', 
Swedish  Res.  Inst.  Nat.  Def. ,  FOA  Repts. 
4,  No.  2,  Stockholm,  33  pp. 

Ottersten,  H. ,  K.  R.  Hardy,  and  C.  G.  Little, 
1973:  Radar  and  sodar  probing  of  waves 
and  turbulence  in  statically  stable  clear- 
air  layers.   Boundary  Layer  Meteorol.  4_, 
47-89. 

Simmons,  W.  R. ,  J.  W.  Wescott,  and  F.  F.  Hall, 
1971:  Acoustic  echo  sounding  as  related 
to  air  pollution  in  urban  environments. 
NOAA  Tech.  Rept.  ERL216-WPL  17,  Boulder, 
Colorado,  77  pp. 


Tatarskii,  V.  I.,  1961:  Wave  Propagation  in 
a  Turbulent  Medium.  McGraw-Hill  Book  Co. 
Inc.,  New  York,  285  pp. 

Tatarskii,  V.  I.,  1971:  The  Effects  of  the 
Turbulent  Atmosphere  on  Wave  Propagation. 
(Nauka,  Moscow,  1967)  fin  Russian)  transl. 
from  U.  S.  Dept .  Comm.  Nat.  Tech.  Inform. 
Serv. ,  Springfield,  Va. 

Wyngaard,  J.  C. ,  and  0.  R.  Cote,  1971:  The 
budgets  of  turbulent  kinetic  energy  and 
temperature  variance  in  the  atmospheric 
surface  layer.   J.  Atmos .  Sci.  28,  190-201. 


270 

137 


NOAA  Technical  Report  ERL  322-WPL  38 
June  1975 


QUANTITATIVE  EVALUATION  OF  ACOUSTIC  ECHOES 
FROM  THE  PLANETARY  BOUNDARY  LAYER 

William  D.  Neff 

ABSTRACT 

Using  two  acoustic  echosounders  (echosondes),  one  of  which  operated  at 
simultaneous  wavelengths  of  0.12,  0.15,  and  0.19  m,  the  acoustic  backscatter 
cross-section  was  obtained  as  a  function  of  time  and  height  in  the  planetary 
boundary  layer.  The  cross-sections  were  interpreted  in  terms  of  the  tempera- 
ture structure  parameter  Ct2  and  compared  with  values  obtained  in  situ  at 
the  92-m  level  on  a  tower  located  some  300  m  distant.   In  general,  excellent 
agreement  was  found  between  the  two  sets  of  CT2  values  under  statically  un- 
stable conditions.  Under  statically  stable  conditions,  the  measurements  on 
occasion,  disagreed  by  factors  ranging  from  2  to  5  with  the  echo-derived  Ct2 
values  consistently  overestimating  those  from  the  tower.  Our  analysis  sug- 
gested that  the  errors  were  due  to  the  different  spatial-sampling  character- 
istics of  the  two  techniques  rather  than  a  lack  of  isotropy  and  homogeneity 
at  small  scales. 
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Acoustic  echo  sounders  for  remote  probing  of  the 
lower  atmosphere  utilize  natural  turbulent  variations 
in  the  acoustic  refractive  index  of  air  that  produce 
scattering  (including  substantial  backscattering)  of 
strong  tone  bursts  radiated  from  narrow-beamwidth 
antennas.   Such  sounders  are  analogous  in  their  opera- 
tion to  pulsed  weather  radars  or  sonars.   The  refrac- 
tive index  variations  that  cause  the  scattering  are 
produced  by  turbulent  fluctuations  of  temperrture  and 
wind.   Thus  some  important  characteristics  of  wind  and 
temperature  profiles  relating  to  the  entrapment  and 
concentration  of  noxious  gases  and  airborne  pollutants 
over  cities  may  be  monitored  continuously,  in  real 
time  with  acoustic  sounders. 

A  simplified  block  diagram  of  an  acoustic  sounder 
is  shown  in  fig.  (1).   Periodic  tone  bursts  from  the 
transmit  gate  of  a  triggered  programmer  are  power 
amplified  to  100  W  and  applied  through  transmit/receive 
(T-R)  switching  circuitry  to  an  acoustic  transducer 
and  antenna  which  radiates  each  tone  burst  in  a  very 
narrow  beam  upwards  into  the  atmosphere.   The  same 
transducer  detects  echoes  received  by  the  antenna  at 
sound  pressure  levels  from  about  0  to  40  dB  below  the 
threshold  of  hearing.   These  signals  pass  through  the 
T-R  circuit  to  a  preamplifier  and  on  to  a  receiver  gate 
which  is  programmed  to  conduct  only  during  the  inter- 
vals between  transmit  tone  bursts.  The  echo  signals 
are  then  gain  swept  to  compensate  for  the  normal 
weakening  of  signal  strength  with  range.   The  range- 
compensated  signal  is  then  applied  to  a  tuneable 
receiver  with  bandwidth  adjusted  for  optimum  S/N. 
The  filtered  signal  then  proceeds  to  a  facsimile 
recorder  which  produces  a  real-time,  three-dimensional 
display  of  echo  intensity,  echo  range,  and  time  of  day. 
Note  that  the  facsimile  recorder  triggers  the  program- 
mer once  per  line  scan  to  maintain  synchronization. 
Also  note  that  the  tuneable  receiver  provides  a  BFO 
signal  to  the  transmit  gate  of  the  programmer  at  the 
exact  frequency  to  which  the  receiver  is  tuned. 

Fig.  (2)  is  a  facsimile  recording  produced  by 
the  system  just  described.  The  recording  chronicles 
a  temperature  inversion  as  it  developed,  intensified, 
and  eventually  caused  a  pollution  alert  in  Denver, 
Colorado.   At  about  20:00  hours  (local  Denver  time) 
an  inversion  began  to  develop  close  to  the  ground  due 
to  the  normal  radiational  cooling  of  the  earth's 
surface  at  night.  Just  before  03:00  a  second  inver- 
sion layer  developed  about  800  m  aDove  the  surface 
and  proceeded  to  descend.  The  descent  of  this  layer 
intensified  the  surface  inversion,  within  and  under 
which  the  gaseous  and  airborne  pollution  of  Denver 


was  entrapped.  The  dark  portion  of  the  record  from 
08:00  to  11:00  shows  the  intensified  surface  inversion 
reaching  to  heights  of  300  m.  This  produced  an  air 
pollution  alert  in  Denver  which  was  not  cancelled  until 
14:00. 

The  predictive  potential  of  a  real-time  echo 
sounder  record  such  as  fig.  (2)  could  be  utilized 
readily  by  air  pollution  forecasters.  The  descending 
inversion  layer  that  intensified  the  surface  inversion 
was  evident  for  many  hours  before  the  pollution  alert 
was  called.   Furthermore,  the  breaking  up  of  the  surface 
inversion  by  the  convective  effects  of  thermal  plumes 
can  be  seen  starting  at  11:00,  some  three  hours  before 
the  alert  was  cancelled. 

Echo  sounders  for  use  by  air  pollution  forecasters 
must  be  located  in  urban  areas  that  are  noisy  and/or 
densely  populated.   In  such  cases  it  is  essential  that 
the  sidelobe  rejection  of  the  sounder  antenna  be  at 
least  50  to  60  dB  at  angles  of  70  to  90  deg  from  the 
main  beam,  so  that  the  sounder  can  transmit  within  a 
few  hundred  feet  of  residences  without  contributing 
noticeably  to  noise  pollution,  and  can  receive  clean 
echoes  from  altitudes  up  to  one  mile  in  spite  of  noise 
from  adjacent  highways,  airports  and  industry.   Sidelobe 
rejections  of  50  to  60  dB  are  difficult  to  achieve. 
One  of  the  best  antennas  available  for  acoustic  sounding 
is  a  microwave  antenna  of  the  conical-horn-coupled, 
parabolic-reflector  type  shown  in  fig.  (3).   A  high- 
quality  public  address  driver  coupled  to  the  throat  of 
the  conical  horn  radiates  spherical  waves  to  the  para- 
bolic reflector.  The  reflector  transforms  the  spherical 
waves  into  plane  waves  which  radiate  from  the  antenna 
aperture.  The  conical  horn  prevents  the  driver  from 
radiating  omnidirectionally  into  the  atmosphere,  and 
similarly  prevents  off-axis  background  noise  from  reach- 
ing the  driver.  Thus,  the  conical  horn  plays  a  vital 
role  in  suppressing  the  sidelobes  of  this  antenna. 

Fig.  (4)  shows  polar  diagrams  measured  outdoors  with 
the  horn-reflector  antenna  at  acoustic  frequencies  of  1 
through  5  kHz.   This  antenna  typically  is  operated  at 
about  2  kHz.  The  aperture  diameter  is  4  ft  or  about  8  A 
at  2  kHz.   Fig.  (4)  shows  sidelobe  rejections  of  only  35 
dB  at  angles  of  70  to  90  deg  from  the  main  beam.   While 
this  is  satisfactory  for  sounding  in  quiet,  rural  areas, 
it  is  unsatisfactory  for  urban  area  sounding.   Additional 
sidelobe  suppression  was  achieved  by  constructing  an 
acoustically  absorbent,  anechoic  cuff  extending  from  the 
original  antenna  aperture  to  a  height  of  about  2  aperture 
diameters.  The  cuff  is  built  with  a  slight  flare,  as 
shown  in  figs.  (5)  and  (6)  to  create  a  second  aperture 
slightly  larger  than  the  first,  and  across  which  plane 
wave  illumination  is  tapered  radially  in  intensity.   Side- 
lobe rejection  at  frequencies  from  1  to  5  kHz  was  increas- 
ed by  18  to  21  dB  by  addition  of  the  anechoic  cuff.  This 
more  than  any  other  factor  has  made  acoustic  sounding  in 
noisy  urban  areas  an  accomplished  fact. 
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T18LE      MO'JNTIIN      COLORADO 


FIGURE    1.      ACOUSTIC   SOUNDER   SYSTEM  DIAGRAM 


FIGURE    3.      HORN   REFLECTOR  ANTENNA 


FIGURE    5.      ANECHOIC  CUFF   TREATMENT 


FIGURE   2.      ECHO  SOUNDING  OF   POLLUTION  ALERT 
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FIGURE   6.      MOBILE   ANTENNA  AND  CUFF 
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Wind   Dependence   of   Quasi-Specular   Microwave    Sea 
Scatter 


DONALD  E.  BARRICK 

Abstract — It  is  shown  that  a  specular-point  scattering  model 
adequately  predicts  the  relation  between  the  average  quasi-specular 
microwave  scattering  cross  section  of  the  sea  and  the  mean  wind 
speed.  The  mean-square  sea  slope  required  in  this  model  varies 
with  both  the  upper  aud  lower  ends  of  the  waveheight  spectrum, 
which  in  themselves  are  functions  of  wind  speed.  Optical  measure- 
ments of  slopes  confirm  this  physical  relationship.  Finally,  the 
resultant  scattering  cross  section  predicted  by  the  slope-dependent 
specular-point  model  is  compared  with  a  set  of  recent  measure- 
ments, lending  credence  to  the  model  and  interpretation  suggested 
here. 

I.  Introduction 

Models  relating  the  near-vertical  sea-backseat  tered  microwave 
signal  power  to  pertinent  sea-state  descriptors  are  receiving  renewed 
interest  with  the  advent  of  orbiting  short-pulse  radar  altimeters.1 
Many  independent  measurements  of  the  average  backscattering 
cross  section  per  unit  sea  area  <r°  over  the  past  15  yr  have  confirmed 
the  angular  dependence  of  a0  near  the  vertical  (e.g.,  see  Skolnik 
[1]  or  Barrick  [2]  for  reviews  of  such  data).  The  near-vertical 
angular  dependence  is  explained  by  the  specular-point  models  [3], 
assuming  a  (nearly)  (laussian  distribution  of  surface  slopes.  There 
is  considerable  variance,  however,  between  the  magnitudes  of 
a"  measured  by  the  various  investigators.  In  addition,  it  is  not 
clear  from  the  results  to  date  to  which  of  the  various  sea-surface 
descriptors  <r°  is  most  sensitive.  It  is  the  purpose  of  this  note  to 
call  attention  to  an  extensive  well-calibrated  set  of  measurements 
of  a"  [4]  and  to  suggest  a  physically  meaningful  relationship  between 
a"  and  surface  wind  speed  via  the  surface  slope  used  in  the  specular- 
point  model. 

A  comprehensive  set  of  measurements  of  a"  by  Raytheon  in 
the  Atlantic  was  reported  in  [4];  these  aircraft  measurements 
were  made  at  9.0  GHz  with  ground-truth  data  taken  simultaneously 
aboard  a  NASA  ship  beneath  the  aircraft.  During  December  1969 
and  January  1970  sixteen  test  flights  were  made,  the  data  from 
ten  of  which  were  considered  of  adequate  quality  to  be  statistically 
reduced  and  presented.  The  data  of  interest  here  consist  of  averages 
of  ff°  in  the  vertical  direction.  Each  flight  typically  resulted  in 
incoherent  averages  over  as  many  as  60  frames  of  data;  each  frame, 
recorded  once  per  second,  represented  about  50  individually  re- 
ceived, square-law-detected  pulses  averaged  over  the  frame  (typical 
travel  distance  per  frame  is  -^-300  ft).  Most  of  the  flights  were 
flown  at  10  000  ft  with  a  '20-ns  pulse.  Radar  sensitivity  was  calibrated 
and  later  checked  dynamically  by  flying  over  ground  support 
equipment  that  recorded  and  transponded  the  signal  back  at  known 
power  levels.  The  overall  rms  system  error  was  estimated  to  be 
0.0  dB. 

Raytheon  attempted  to  correlate  a"  with  the  various  wind  and 
sea  descriptors  available  from  the  NASA  support  ship.  They  found 
little  or  no  correlation  between  a"  (at  vertical  incidence)  and  wave 
height,  wave  period,  or  wave  direction.  Howt  ver,  there  did  appear 
to  be  a  definite  trend  between  a"  and  (surface)  wind  speed;  this 
is  shown  in  Fig.  1,  where  the  number  beside  the  dot  refers  to  the 
flight  number.  A  mathematical  model  that  predicts  the  observed 
relationship  between  wind  speed  and  a"  will  be  developed. 

II.  Specular-Point  Model 

The  specular-point  model  has  been  derived  by  a  number  of 
high-frequency  approaches:  ray  optics  [r>];  physical  optics  in  which 
averaging  is  done  before  the  integration  over  space  [(>];  and  physical 
optics     n    which    averaging    is    done   after    integration    over   space 
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1  The  first  unmanned  short-pulse  altimeter  experiment  is  to  he  down 
on  NASA's  OKOS-C  satellite,  scheduled  for  launch  in  mid-1074. 
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Fig.  1.  Dependence  of  vertically  incident  sea  backscatter  on  wind 
speed.  Dots  are  measured  values  on  different  flights  made  by  Ray- 
theon [41.  Solid  curve  is  (5)  used  in  (2).  dashed  is  empirical  slope 
tit  given  in  Conclusions. 


[7],  [3].  The  latter  two  processes  involve  stationary  phase  integra- 
tions, where  the  radar  wavenumber  ko  times  the  typical  roughness 
height  is  assumed  large.  The  last  approach  is  equivalent  to 
geometrical  optics  because  the  stationary  phase  integration  over 
space  shows  that  the  total  scattering  is  merely  the  summation  of 
the  individual  returns  from  each  specular  point.  Thus  all  of  these 
models  lead  to  the  following  result  for  backscatter* 


ir8ec<0p,(-tan0,O)  |  ff(0) 


(1) 


where  6  is  the  angle  of  incidence  from  the  vertical,  rt(0)  is  the 
Fresnel  reflection  coefficient  of  the  surface  at  normal  incidence, 
and  p.(fj,s\,)  is  the  joint  probability  density  function  of  the  surface 
slopes  f,(=df/d:r)  and  fB(=df/dy),  with  f  being  the  surface 
height  above  the  mean  (xy)  plane.  It  is  assumed  that  the  xz  plane 
is  the  incident  plane. 

The  interpretation  of  (1)  is  enlightening:  The  strength  of  the 
scattered  signal  is  merely  proportional  to  the  probability  of  the 
surface  having  "specular"  points,  or  regions  tilted  at  slope  —tan  6 
so  as  to  be  normal  to  the  incident  ray.  For  the  sea,  the  model  is 
not  valid  for  6  greater  than  about  15°;  beyond  this  angle,  microwave 
scatter  is  more  diffuse  and  is  describable  by  the  Bragg  diffraction 
model  postulated  in  [K]. 

The  sea  surface  slopes  are  nearly  Gaussian  and  isotropic  in 
their  distribution,  as  shown  in  [9],  and  hence  (1)  for  the  sea  can 
l>e  written  approximately  as 

<r°  =   (l/.s2)  |  R(0)  |2exp  |-  tan20/s2|  (2) 

where  s2  is  the  lolal  mean-square  surface  slope  (s2  =  (d2  +  f„2)  = 
'2<f,2>  =  2<f,»». 

III.  Sea-Surface  Slope 

The  process  by  which  the  winds  excite  waves  on  the  sea  is  complex 
and  not  entirely  understood.  A  strong  wind  excites  the  longer 
waves  whose  phase  velocities  can  just  keep  up  with  the  wind  velocity. 
However,  a  gusty  or  turbulent  wind  with  small-scale  wavenumber 
structure  will  excite  short  gravity  and  capillary  waves  by  an  air- 
surface  resonance  interaction  [10].  When  this  turbulent  wind 
abates,  the  small-scale  waves  will  die  out  rather  quickly  due  to 
viscous  dissipation.  A  strong  wind  blowing  over  a  very  rough, 
choppy  sea  will  normally  become  turbulent  near  the  surface,  driving 
the  shorter  waves  as  long  as  it  persists. 

Only  the  longest  gravity  waves  contribute  to  therms  (or  signif- 
icant )  waveheight,  and  these  waves  require  hours  to  build  up/die 
down  after  the  application/removal  of  the  wind.  However,  both 
the  longer  ami  the  shorter-scale  waves  affect  the  surface  slope  and, 
in  fact,  m  about  equal  magnitude.  To  see  this,  the  ocean  waveheight 
spatial  spectrum  in  the  equilibrium  region  can  be  written  [11] 


H 


S(> 


10, 


for 


for  other 


(3) 


where   «=   u,2  +  *„2)"2,    with    k/  and    k„   being   the  spatial   wave- 
numbers  in  the  j  and  //  directions.  H  is  a  diniensionless  constant, 


-  The  more  general  expression  for  bistatic  scatter  at  arbitrary  angles 
found  in  |3). 
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Fig.  2.  Dependence  of  sea-surface  slope  on  wind  speed.  Dots  are  values 
measured  optically  by  glitter-point  photography  111].  Solid  curve 
is  (5). 


observed  empirically  to  be  B„  =  0.005  in  the  gravity-wave  region 
(it  <  380  m_1)  and  Bc  ~  0.015  in  the  capillary-wave  region  («  > 
380  m_I).  The  spectrum  is  assumed  to  be  semi-isotropic  in  direction. 
The  mean-square  waveheight  is  determined  by  integrating  (3) 
over  all  («»,*») -space;  only  the  lower  limit  is  important  for 
*,  much  less  than  «r  and  380  m"1,  and  this  is  simply  a-,  =  g/V, 
where  g  is  the  acceleration  of  gravity  and  V  is  the  mean  surface 
wind  speed.  Thus 


Jk 


n.v* 

2g* 


(4) 


where  it  is  assumed  that  the  wind  has  been  blowing  long  enough 
to  fully  develop  these  waves.  The  mean-square  slope,  found  by 
multiplying  (3)  by  k2  and  integrating,  is  however 


H„    In      (K./Ky) 


for  k,  <  380  m- 


li„  In  (38()/«T)  +  lic  In  («./380),         for  *,  >  380  nr 


(5) 


Hence  the  slope  depends  upon  the  upper  limit  k,  and,  additionally, 
upon  whether  a,  lies  in  the  gravity  or  capillary  wave  region.  Miles 
[12]  has  studied  the  highest  wavenumber  «,  which  is  neutrally 
stable  under  the  influence  of  the  mean  wind  and  viscous  dissipa- 
tion. An  acceptable  approximation  to  it  is  *,  ~  50  (/'■'  m~',  where 
I  is  in  m/s.  A  comparison  of  (5)  with  mean-square  slope  measure- 
ments obtained  optically  by  Cox  and  Munk  in  1054  is  shown  in 
Fig.  2  [11].  The  spread  in  points  beyond  5  m/s  (where  k,  lies  in 
Die  capillary  region)  reflects  the  fact  that  the  lifetimes  of  these 
shorter  waves  are  quite  small,  and  hence  the  local  variation  of 
wind  about  the  mean  will  determine  how  much  of  this  upper  spectral 
region  is  present  at  a  given  time  in  a  given  area.  Cox  and  Munk 
also  determined  that  the  crosswind-to-upwind/downwind  mean- 
square  slope  ratio  s„V»',2  was  about  0.75,  justifying  for  most  purposes 
the  isotropic  assumption  about  the  roughness  statistics. 

IV.  Conclusions 

The  slope  of  the  sea  has  been  shown  to  be  much  more  sensitive 
and  instantaneously  responsive  to  the  wind  speed  than  is  the  wave- 
height.  With  the  preceding  interpretation  and  model  for  s2,  we  show 
in  Fig.  1   the  predicted  radar  cross  section  a"  at  vertical  incidence 


(d  =  0)  using  (5)  in  the  specular-point  model  (2).  The  Fresnel 
reflection  coefficient  of  the  sea  at  X  band  is  also  included;  it  is 
—2  dB.  The  agreement  is  good,  and  the  spread  in  points  about 
.he  mean  is  about  the  same  as  in  Fig.  2.  Thus  the  slope  expression 
of  (5),3  when  used  in  the  specular  point  model  of  (2),  offers:  1)  a 
plausible  and  physically  reasonable  interpretation  of  the  observed 
wind  dependence  of  quasi-specular  microwave  sea  scatter;  and 
2)  a  mathematical  model  useful  in  the  analysis  of  altimeter /scat- 
terometer  systems  as  applied  to  oceanic  sensing. 

At  X  band  and  above,  most  of  the  tiny  short-wave  slopes  present 
are  seen  by  the  radar;  this  is  evident  from  comparing  the  quasi- 
specular  return  a"  at  these  frequencies  with  laser  sea-scatter  ob- 
servations of  a"  over  the  same  angular  region.  At  frequencies  below 
A  band,  however,  the  smallest  wavelets  present  may  not  be  seen 
by  the  radar  because  their  radii  of  curvature  are  too  small.  This 
radar  limitation  on  the  effective  surface  slope  can  be  approximately 
included  in  (5)  by  replacing  k,  by  2fc0  (twice  the  free-space  radar 
wavenumber)  as  the  upper  limit  whenever  2k0  <  *,. 

The  spread  in  measured  data  points  for  a"  about  a  mean  is  about 
3-5  dB,  as  evident  from  Fig.  1.  Other  similar  measurements  indicate 
that  such  spreads  can  usually  be  expected,  unless  averages  are 
taken  over  a  wide  range  of  temporal,  geographical,  directional, 
and  sea  development  conditions  for  a  given  wind  speed.  Besides 
the  short  lifetimes  and  small  radii  of  curvature  of  the  capillaries 
mentioned  previously,  other  reasons  for  this  spread  include:  1)  the 
dependence  of  capillary  development  upon  the  microstrueture  of 
the  wind  pressure  spectrum;  2)  the  state  of  development  of  the 
sea,  that  is,  whether  the  waves  have  had  time  to  develop  to  their 
full,  saturated  height  and  slope  conditions  corresponding  to  a 
given  mean  driving  wind;  3)  the  presence  of  swell  along  with  the 
wind  waves;  and  4)  the  amount  of  foam  and  breaking  waves  present 
on  the  surface.  Thus  these  factors  will  cause  local  measurements 
of  <r°  to  vary  about  the  mean  predicted  by  the  specular-point  model 
proposed  here. 
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Sea  Backscatter  at  HF:  Interpretation  and 
Utilization  of  the  Echo 


DONALD  E.  BARRICK,  member,  ieee,  JAMES  M.  HEADRICK,  senior  member,  ieee, 
ROBERT  W.  BOGLE,  and  DOUGLASS  D.  CROMBIE 


Abstract — Theories  and  concepts  for  utilization  of  HF  sea  echo 
are  compared  and  tested  against  surface-wave  measurements  made 
from  San  Clemente  Island  in  the  Pacific  in  a  joint  NRL/ITS/NOAA 
experiment.  The  use  of  first-order  sea  echo  as  a  reference  target  for 
calibration  of  HF  over-the-horizon  radars  is  established.  Features  of 
the  higher  order  Doppler  spectrum  can  be  employed  to  deduce  the 
principal  parameters  of  the  wave-height  directional  spectrum  (i.e., 
sea  state);  and  it  is  shown  that  significant  wave  height  can  be  read 
from  the  spectral  records.  Finally,  it  is  shown  that  surface  currents 
and  current  (depth)  gradients  can  be  inferred  from  the  same  Doppler 
sea-echo  records. 

I.  Introduction 

TWENTY  YEARS  ago  Crombie  [l]  observed  sea  echo 
with  an  HF  radar,  and  he  correctly  deduced  the  scatter- 
ing mechanism  which  accounted  for  the  peculiar  and 
unique  dominant  peaks  in  the  observed  Doppler  spectrum. 
This  gave  rise  to  further  research  and  suggested  the  exciting 
possibility  of  measuring  sea  state  at  great  distances  with  HF 
sky-wave  radars.  A  current  joint  program  involving  NOAA, 
NRL,  and  ITS  on  San  Clemente  Island  has  provided  data  for 
testing  three  possible  applications  of  HF  sea  echo:  1)  as  a 
standard  or  reference  target  for  calibrating  the  sensitivity 
of  sky-wave  radars;  2)  as  a  means  of  deducing  sea  state  (viz., 
the  dominant  features  of  the  wave-height  directional  spec- 
trum); and  3)  as  a  method  for  measuring  surface-current 
features.  HF,  as  considered  here,  extends  from  the  broadcast 
band  to  YHF,  including  radar  wavelengths  between  10  and 
200  m. 
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Although  the  heights  of  ocean  waves  are  generally  small 
in  terms  of  these  radar  wavelengths,  the  scattered  echo  is 
nonetheless  surprisingly  large  and  readily  interpretable  in 
terms  of  its  Doppler  features.  The  fact  that  these  heights  are 
small  facilitates  the  analysis  of  scatter  using  the  perturbation 
approximation.  This  theory  [2j  produces  an  equation  which 
1)  agrees  with  the  scattering  mechanism  deduced  by  Crombie 
from  experimental  data;  2)  properly  predicts  the  positions  of 
the  dominant  Doppler  peaks;  3)  shows  how  the  dominant 
echo  magnitude  is  related  to  the  sea  wave  height;  and  4)  per- 
mits an  explanation  of  some  of  the  less  dominant,  more  com- 
plex features  of  the  sea  echo  through  retention  and  use  of  the 
higher  order  terms  in  the  perturbation  analysis.  Hence  the 
dominant  spectral  features  explained  by  the  simple,  lowest 
order  terms  of  the  perturbation  analysis  are  referred  to  as 
"first-order"  sea  echo,  while  the  remaining,  less  dominant  fea- 
tures are  termed  "higher  order"  because  they  arise  from  the 
smaller  (i.e.,  second-order,  third-order,  etc.)  terms. 

By  way  of  introduction  to  the  basic  type  of  HF  echo 
records  upon  which  the  discussion  in  this  paper  is  based,  we 
show  a  typical  received  Doppler  spectrum  in  Fig.  1.  This  plot 
represents  the  received  signal  power  versus  normalized  Dop- 
pler shift  from  the  carrier  (the  carrier  being  located  at  zero, 
and  the  predicted  positions  of  the  dominant  peaks  at  posi- 
tions +  1).  Details  of  the  conditions  and  system  behind  this 
spectral  record  will  be  discussed  later,  but  for  now  we  refer 
to  it  to  illustrate  how  the  three  previously  claimed  applica- 
tions will  be  subsequently  developed  from  data  such  as  these. 
1)  The  dominant,  first-order  peak  (near  +1)  will  be  tested  for 
use  as  a  standard  or  reference  echo.  2)  The  higher  order 
Doppler  features  (i.e.,  their  shapes,  peak  positions,  and  am- 
plitudes) will  be  used  to  deduce  sea  state.  3)  The  overall  shift 
of  the  first-order  echo  peaks  from   ±  1  will  be  used  to  deduce 
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Fig.  1.  Example  of  an  averaged  radar  sea-eeho  Doppler  spectrum  at  9.4 
MHz.  Carrier  would  appear  at  center,  with  ±1  corresponding  to 
Doppler  shifts   ±0.313  Hz  from  the  carrier.  Resolution  is  ~0.01  Hz 


(radial)  currents.  Since  the  radar  echo  is  produced  by  scatter 
from  ocean  waves,  the  approach  taken  in  this  paper  is  to  re- 
late the  echo  features  to  surface  features.  Ocean  waves  and 
currents  are  largely  produced  by  winds,  and  thus  one  should 
be  able  to  ultimately  deduce  wind  features  from  these  echoes; 
this  is  the  approach  taken  in  parallel  analyses  of  HF  sea  echo 
by  Ahearn  et  al.  [i]  and  Long  and  Trizna  [4]. 

II.  Background  and  Interpretation 
Let  us  explain  the  simple  interpretation  of  the  first-order 
Doppler  spikes  of  Fig.  1  as  first  deduced  by  Crombie  [lj. 
Though  the  sea  to  a  casual  observer  generally  looks  like  a 
random,  moving,  scattering  surface,  the  dominant,  crisp,  and 
equally  displaced  Doppler  peaks  lead  one  to  believe  that  the 
radar  is  actually  observing  two  targets  moving  radially  at 
discrete  readily  identifiable  velocities.  The  fact  that  these 
Doppler  displacements  are  observed  to  vary  with  the  square 
root  of  the  carrier  frequency  suggests  something  unique  about 
HF  sea  echo  in  contrast  to  echoes  from  other  moving  targets. 
Since  it  is  well  known  that  gravity  waves  in  deep  water  travel 
at  a  phase  velocity  proportional  to  the  square  root  of  their 
lengths  L  (i.e.,  ti  =  \/gL/2ir,  where  g  is  the  gravitational  con- 
stant), then  the  length  of  the  waves  producing  scatter  can  be 
uniquely  deduced  from  the  radar-derived  "target"  velocity. 
This  length  (for  backscatter  near  grazing  incidence)  is  pre- 
cisely one-half  the  radar  wavelength,  and  explains  the  ob- 
served square-root  relationship  between  the  Doppler  and 
carrier  frequencies.  Thus  the  ocean  wave  trains  are  behaving 
like  a  series  of  diffraction  gratings,  only  one  of  which  has  the 
orientation  and  spacing  to  scatter  back  toward  the  radar  (to 
first  order).  This  is  the  double  set  of  sea  wave  trains  with 
L  =  X/2  (or  k  =  2£o,  where  X  is  the  radar  wavelength,  with 
k  =  2ir/L  and  ko  =  2ir/\  being  the  scattering  ocean  wavenumber 
and  radar  wavenumber,  respectively)  moving  radially  toward 
and  away  from  the  radar.  Hence  the  double  Doppler  echo  pair. 
Theory  [2],  [5]  also  shows  that  the  backscattered  echo 
energy  from  this  identifiable  "resonant"  water  wave  is  propor- 
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Fig.  2.  Buoy-measured  nondirectional  wave-height  spectra  for  morning 
(dashed)  and  afternoon  (solid)  of  December  4,  1972.  Triangle  is  model 
used  in  theory  to  approximate  afternoon  spectrum. 


tional  to  the  height  of  this  wave  component  squared.  Hence  it 
is  evident  that  measurement  of  the  first-order  radar  cross 
section  of  the  sea  versus  radar  operating  frequency  will  deter- 
mine the  water-wave  spectrum  along  the  radar  azimuthal 
bearing.  By  looking  along  several  bearings,  one  can  thereby 
construct  the  "wave-height  directional  spectrum,"  a  quantity 
which  has  heretofore  defied  simple  measurement  by  oceanog- 
raphers.  However,  the  radar  frequency  region  corresponding 
to  the  important  long-wave  portion  of  the  gravity-wave  spec- 
trum responsible  for  "sea  state"  spans  the  region  from  about 
300  kHz  to  5  MHz.  Constructing  and  calibrating  an  azi- 
muthal scanning  radar  which  sweeps  over  this  region  would 
be  a  formidable  task,  in  addition  to  the  difficulty  that  this 
frequency  region  is  already  heavily  occupied  by  users  (broad- 
cast band,  marine  band,  etc.).  Furthermore,  propagation  at 
these  lower  frequencies  is  restricted  to  ground  wave  (limiting 
the  radar  range  to  <200  km),  since  ionospheric  modes  will 
be  severely  attenuated  most  of  the  time. 

In  contrast,  sea  scatter  in  the  upper  HF  region  (6—30 
MHz),  at  which  ionospheric  propagation  to  great  distances 
(~4000  km)  is  favored,  is  of  a  somewhat  different  character. 
The  first-order  resonant  peaks  are  still  evident  and  usually 
dominant,  as  shown  in  Fig.  1.  However,  other  features  in  the 
Doppler  spectrum  are  also  present,  and  these  features  appear 
to  vary  more  significantly  with  sea  state  than  do  the  first- 
order  echo  peaks.  These  additional  features  are  referred  to 
as  "higher  order,"  of  which  "second-order"  effects  are  felt  to 
be  the  dominant  contributors.  On  the  other  hand,  the  larger 
first-order  echo  is  for  the  most  part  constant  and  insensitive  to 
sea  state.  The  reason  for  this  is  that  the  waves  producing 
scatter,  being  half  the  radar  wavelength,  vary  in  length  be- 
tween 25  and  5  m.  Waves  of  this  length  on  the  open  oceans 
are  nearly  always  present  and  are  developed  to  their  maxi- 
mum allowable  height,  as  limited  by  breaking.  This  region 
of  the  wave-height  spectrum  in  which  saturation  occurs  is 
called  the  equilibrium  region;  Phillips  [6]  has  shown  that  the 
nondirectional  temporal  wave-height  spectrum  should  follow 
an /~6  law  (/equals  wave  frequency  in  hertz)  in  this  region. 
Fig.  2  is  a  buoy  measurement  of  this  spectrum  at  two  different 
times  for  20-  and  25-knot  wind-driven  seas  in  the  scattering 
area  off  San  Clemehte  Island.  The  /~6  saturation  region  is 
clearly  evident  in  these  records;  a  scale  at  the  bottom  shows 
that  the  radar  frequencies  at  which  first-order  scatter  would 
be  observed  clearly  fall  in  this  saturated  equilibrium  region 
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for  all  operating  frequencies  above  about  2-3  MHz.  The  fact 
that  the  first-order  echoes  at  favorable  ionospheric  propaga- 
tion frequencies  originate  from  waves  of  known  height  charac- 
teristics suggests  that  these  echoes  can  be  used  as  a  standard 
target  for  radar  system  sensitivity  calibration.  Theory  [2] 
shows  that  the  first-order  scattering  coefficient1  a"  should  be  a 
constant,  approximately  —17  dB,  independent  of  frequency 
(above  some  lower  —  HF  limit)  and  sea  state.  In  a  large  num- 
ber of  ground-wave  operations  on  the  Chesapeake  Bay,  a0  was 
indeed  found  to  increase  to  an  upper  limiting  value  corre- 
sponding to  —  17  dB.  Sky-wave  radar  operations  by  many 
groups  have  also  confirmed  the  constancy  and  absolute  value 
(-  17  dB)  of  first-order  <r°. 

As  mentioned  previously,  the  higher  order  sea-echo  Dop- 
pler  spectrum  does  appear  to  vary  appreciably  with  sea  state. 
The  features  of  this  echo  take  several  forms:  1)  secondary 
peaks  appear  around  the  first-order  spikes,  whose  positions 
and  amplitudes  vary  with  sea  state;  2)  a  continuum  or  floor 
around  the  first-order  spikes  appears  which  rises  and  spreads 
with  increasing  sea  state;  and  3)  the  distribution  of  these 
higher  order  peaks  and  continuum  about  the  first-order  lines 
varies  with  wave  direction.  A  theory  for  the  second-order  con- 
tribution to  these  higher  order  echoes  was  advanced  by 
Barrick  [7],  and  the  agreement  thus  far  with  experimental 
data  is  quite  encouraging.  A  significant  advantage  of  using 
second-order  echo  to  deduce  sea  state  at  upper  HF  is  that  one 
is  comparing  this  portion  of  the  signal  spectrum  with  the 
saturated  first-order  peaks,  which  serve  as  the  reference. 
Hence  unknown  ionospheric  path  losses  and  Doppler  transla- 
tions do  not  hamper  interpretation  of  the  higher  order  echo 
in  terms  of  sea  state. 

Ocean  currents  can  also  be  extracted  from  the  sea-echo 
Doppler  spectrum.  The  first-order  resonant  Doppler  peaks  are 
often  observed  to  be  shifted  equally  from  their  predicted 
positions  (see  Fig.  1)  by  a  small  amount.  This  implies  that  the 
waves  causing  first-order  scattering  are  superimposed  on  a 
sea  surface  which  is  physically  moving  due  to  surface  cur- 
rents. The  radial  component  of  this  surface-current  vector  can 
thus  be  calculated  in  terms  of  the  Doppler  translation  of  the 
first-order  lines  to  be  u  =  Ay/gc/(Awfo),  where  g  is  the  accelera- 
tion of  gravity,  c  is  the  velocity  of  light,  /0  is  the  carrier  fre- 
quency, and  A  fs  the  normalized  Doppler  translation,  as 
measured  in  Fig.  1.  Further  interpretation  of  this  concept  will 
be  undertaken  later  in  this  paper. 

III.  Experimental  Facility 

A  series  of  HF  surface-wave  measurements  of  sea  echo 
were  undertaken  in  a  joint  experiment  between  NRL,  ITS, 
and  NOAA/VVPL  on  San  Clemente  Island  off  California.  Be- 
tween November  1,  1972,  and  April  30,  1973,  approximately 
25  h  of  sea-echo  Doppler  spectra  were  gathered.  The  facility 
is  located  on  the  northwest  side  of  the  island  and  looks  west- 
ward into  the  Pacific.  It  is  capable  of  transmitting  any  num- 
ber of  frequencies  (up  to  100)  simultaneously  from  2  to  25 
MHz  in  a  pulse-to-pulse  progression,  and  processing  the  re- 
turns on  each  frequency  coherently.  Pulsewidths  available  are 
20,  50,  and  100  jus  with  a  200-puIse-per-second  (pps)  repetition 
rate.  The  sea  echo  from  several  range  gates  can  be  processed 
simultaneously;  to  provide  adequate  signal-to-noise  ratio,  the 
echoe>  at  22.5,  30,  and  37.5  km  from  the  radar  were  found  to 

1  The  average  radar  backscattering  cross  section  per  unit  surface  area. 


be  optimal,  and  hence  most  sea-echo  data  were  recorded  at 
these  ranges.  At  these  ranges,  the  water  depth  exceeds  1000  ft, 
so  that  bottom  effects  on  the  wave  characteristics  are  neg- 
ligible. 

The  transmitter  provided  an  output  power  of  75-kW  peak. 
The  transmitting  antenna  was  a  twin-bay  log-periodic  mono- 
pole  array  producing  vertical  polarization;  with  a  gain  of  14 
dB,  it  provided  a  one-way  beamwidth  of  60°  centered  on 
255°  T.  The  receiving  antenna  was  an  850-ft-Iong  broadside 
monopole  array.  Elements  were  switched  in  and  out  auto- 
matically versus  frequency  so  that  the  beamwidth  did  not 
vary  too  drastically  over  the  decade  frequency  range;  as  a 
result,  the  one-way  beamwidth  was  about  15°  at  3  MHz  and 
7°  at  24  MHz.  Data  were  processed  and  recorded  digitally  on 
magnetic  tape,  both  in  raw  IF  form  a,nd  as  200-s  coherent 
spectra. 

In  order  to  check  the  radar  data,  a  Datawell  Waverider 
buoy  was  moored  in  the  scattering  area.  This  device  provided 
both  the  sea-significant  wave-height  and  nondirectional  wave- 
height  spectra.  The  buoy  output  was  confirmed  and  supple- 
mented by  wave  hindcast  tables  prepared  by  OSI,  Inc.;  these 
data  indicated  wave  direction  and  also  listed  the  height, 
period,  and  direction  of  any  swell  present. 

IV    First-Order  Sea  Echo  for  Radar 
Sensitivity  Calibration 

Both  theory  [2]  and  surface-wave/sky-wave  measure- 
ments have  shown  that  the  first-order  sea-echo  energy  in  the 
upper  HF  region  approaches  a  constant  value  for  the  open 
ocean,  independent  of  sea  state.  As  discussed  previously,  this 
saturation  occurs  because  the  shorter  ocean  waves  being  ob- 
served at  these  frequencies  are  developed  to  their  maximum 
possible  heights.  Referring  again  to  the  buoy-measured  wave- 
height  spectra  of  Fig.  2,  it  is  evident  that  for  seas  fully  de- 
veloped by  20-knot  winds,  frequencies  above  about  2  MHz 
are  observing  waves  in  the  saturated  or  equilibrium  range  of 
the  spectrum;  for  10-knot  winds,  frequencies  above  8  MHz 
will  likewise  fall  in  this  region  of  the  spectrum.  For  vertical 
polarization,  the  average  radar  cross  section  per  unit  area,  cr°, 
turns  out  to  be  about  —  17  dB,  independent  of  frequency,  and 
nearly  independent  of  incidence  angle  in  the  region  within 
about  30°  of  grazing.2  This  suggests  using  the  first-order  sea 
echo  as  a  reference — or  standard  target — for  calibration  of 
sky-wave  radars  operating  over  the  oceans  (where  winds 
nearly  always  exceed  10  knots).  Such  calibration  is  desirable 
and  necessary  because,  unlike  microwave  radars  where  trans- 
mission loss  is  generally  close  to  the  predicted  free-space  value, 
ionospheric  absorption  is  highly  variable  and  unpredictable. 
Hence  some  sort  of  calibration  (often  involving  the  use  of 
beacons  or  repeaters  of  known  reradiation  levels)  is  required 
in  order  to  help  select  the  optimal  operating  frequency  and 
determine  expected  signal-to-noise  ratio  and/or  probability  of 
detection  against  a  given  class  of  radar  targets. 

One  way  of  testing  the  concept  of  using  first-order  sea 
echo  as  a  reference  target  over  the  HF  band  is  to  show  that 
the  measured  value  of  some  parameter  in  the  radar  range 
equation  follows  predictions  when  one  uses  a  constant  value 


2  Horizontally  polarized  sea  echo  is  quite  sensitive  to  incidence  angle; 
near  grazing,  however,  it  is  at  least  20  dB  lower  than  the  vertical  com- 
ponent. Hence  it  would  never  be  used  in  surface-wave  propagation,  and 
would  not  be  seen  with  sky-wave  propagation  due  to  the  presence  of  the 
much  stronger  vertical  return. 
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Fig.  3.     Surface-wave  loss  and  bandwidth  loss 
factors  versus  radar  operating  frequency. 


for  a0.  For  this  demonstration,  the  radar  equation  is  rewritten 
in  terms  of  the  antenna  gain  product: 


GtGr  — 


PR    (4w)3R4         1 


Ft      \2a°A      IbwZ-s 


(1) 


where  R  is  the  range  to  the  scattering  area  A,  Pt  and  Pr  are 
the  transmitted  and  received  power  (in  the  dominant  first- 
order  Doppler  echo),  and  Z-sw,  Z-bw  are  "loss  factors"  account- 
ing for  two-way  surface-wave  propagation  over  the  sea  and 
Doppler  line  broadening,  respectively.  All  of  the  factors  on  the 
right  side  of  (1)  are  assumed  known.  The  sea  area  A,  within 
the  resolution  cell,  is  of  course  related  to  the  antenna  beam- 
widths  (and  hence  gains),  but  in  a  known,  calculable  manner. 
Thus  the  antenna-gain  product  can  be  "measured"  and  com- 
pared with  predictions.  The  excess  two-way  surface-wave 
propagation  loss  Lsw  over  the  sea  out  to  30  km  versus  fre- 
quency and  sea  state  is  shown  in  Fig.  3(a),  prepared  from 
Barrick  [8].  The  bandwidth  loss3  Lew  was  calculated  by 
forming  the  ratio  of  the  observed  width  of  the  dominant  first- 
order  Doppler  echo  with  the  width  at  the  lowest  operating 
frequency;  this  is  shown  in  Fig.  3(b).  Data  from  December  4 
and  December  7,  1972,  were  selected  for  this  comparison,  since 
the  seas  for  both  were  driven  by  20-knot  (or  greater)  winds, 
predominantly  from  the  west,  and  hence  could  be  expected  to 
produce  a  saturated  positive  first-order  Doppler  echo  at  all 
operating  frequencies.  Therefore,  a  a"  was  used  in  (1)  corre- 
sponding to  —17  dB  (but  normalized  to  the  ground-wave 
definition  of  antenna  gains). 

The  comparison  between  calculated  and  "measured"  values 
of  GtGr  versus  frequency  is  shown  in  Fig.  4.  Data  plotted  as 
points  were  obtained  on  the  two  different  days,  for  the  two 
antenna  beam  positions  (at  270°  and  240°)  at  frequencies  from 


3  This  "loss"  merely  allows  one  to  read  the  amplitude  of  the  observed 
first-order  Doppler  peak,  since  the  actual  desired  quantity  Pr  is  the  area 
under  this  peak. 


Fig.  4.     Predicted  (solid  line)  and  measured  (via 
first-order  sea  scatter)  antenna  gain  product. 

2.4  to  20  MHz.  The  solid  line  represents  the  gain  product  at 
the  center  of  the  two  receiving  beam  positions  as  measured 
via  a  standard  target  in  a  small  boat  versus  frequency;  the 
discontinuities  in  the  predicted  gain  curve  arise  from  the  fact 
that  different  receiving  array  elements  were  switched  in  or  out 
at  certain  frequencies  so  as  to  reduce  the  pattern  variation 
over  the  decade  frequency  operating  range. 

The  comparison  is  favorable,  and  shows  that  the  first- 
order  echo  can  indeed  serve  as  a  reliable  reference  target.  The 
spread  in  points  at  the  lower  frequencies  may  be  due  to  inac- 
curate assumptions  in  the  sea  description.  However,  the 
spread  of  points  near  13.4  MHz  is  a  true  index  of  the  variation 
in  the  results,  and  all  points  lie  within  ±2  dB  of  the  mean. 
This  spread  is  most  likely  due  to  the  fact  that  the  1/2  h  of 
incoherent  spectral  averaging  represented  in  obtaining  each  of 
the  points  was  not  long  enough  to  permit  observation  of  a 
large  ensemble  of  independent,  random  sea  surfaces  within 
the  radar  resolution  area;  hence  the  points  were  not  true 
means.  This  ±2-dB  spread,  however,  compares  favorably 
with  the  accuracies  of  other  types  of  sky-wave  radar  sensitiv- 
ity calibrators  which  have  been  used,  such  as  beacons  and 
repeaters  (where  the  output  power  level  can  fluctuate  due  to 
electronic  instabilities  and  aging)  or  islands/mountains  whose 
apparent  cross  sections  can  change  due  to  surface  moisture 
content  and  Faraday  polarization  rotation. 

V.  Second-Order  Sea  Echo  for 
Sea-State  Determination 

Theoretical  explanations  for  second-order  sea  echo,  present 
on  nearly  all  records  above  4  MHz,  have  been  offered  by 
Barrick  [7]  and  Hasselman  [-9];  the  reader  is  referred  to  these 
references  for  details  of  the  mathematical  derivation.  The 
basic  interpretation  of  this  process  is  illuminating  and  worth 
some  discussion.  The  theory  shows  that  the  radar  waves  in- 
teract with  ocean  wave  trains  as  though  the  latter  were  dif- 
fraction gratings.  Hence  Bragg  scatter  and/or  Feynman  in- 
teraction diagrams  are  well  suited  to  explain  the  various 
"orders"  of  scatter. 

To  first  order  the  scattering  and  Doppler  relationships  are 
described  in  terms  of  Bragg  scatter  as  follows: 


k'  =  k' '  +  K 


(2a) 
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Here  k'  and  ks  are  the  two-dimensional  components  of  the 
three-dimensional  incident  and  scattered  wavenumber  vector 
lying  in  the  mean  sea-surface  plane,  and  u>',  u"  are  the  radian 
temporal  frequencies  of  the  incident  and  scattered  fields.  The 
vector  k  is  the  spatial  wavenumber  of  the  water  wave  re- 
sponsible for  scatter  (i.e.,  k=  |k|  =  2ir/ L,  where  L  is  the  water 
wavelength),  and  ft,  the  temporal  wavenumber,  is  related  to  k 
through  the  first-order  gravity-wave  dispersion  tquation 


ft  =  Vg«- 


(3) 


Thus,  as  an  example,  for  backscatter  at  grazing  incidence  we 
can  choose  our  coordinate  system  so  that  the  (  —  x)  axis  co- 
incides with  the  propagation  direction.  Thus  ks  =  ko.x  and 
ki=  —  k0x  (k0=  2w/X),  so  that  the  scalar  first-order  resonance 
condition  stated  previously  is  established  from  (2a):  2ko  =  K  or 
L  =  \/2.  Then  the  radian  Doppler  shifts  of  the  energy — de- 
fined as  the  difference  between  the  incident  (carrier)  fre- 
quency and  the  actual  scattered  frequency — are  u'  —  u* 
=  ±  Vg'<  =  +  \/2gk0.  Thus  through  simultaneous  satisfaction 
of  (2)  we  have  established  the  length  and  direction  of  water 
waves  responsible  for  first-order  scatter,  and  also  the  unique 
square-root  relationship  for  the  discrete  first-order  Doppler 
echoes  which  had  been  established  experimentally  by  Crombie 
two  decades  ago.  The  average  spectral  strength  of  the  grazing 
first-order  backscatter  cross  section  per  unit  area  (for  vertical 
polarization)  per  radian/second  bandwidth  is  found  to  be 

ff°(w)    =    277r£o4S(K,,    Ky)KuS    -    W*±    ft)    * 

=  277r£04S(2£o,  0)5(co8  -  Ui  +  *$2g~k0)  (4) 

where  S(kt,  kv)  is  the  spatial  wave-height  directional  spectrum 
for  the  sea. 

Understanding  of  the  extension  of  this  interaction  mecha- 
nism to  second  order  is  now  straightforward;  in  place  of  (2) 
we  have4 


k'   —  k*  +  Kl   +   K2 

«»    =   CO*   ±   fti    ±    ft>. 


Now  two  water  waves — with  spatial  wavenumbers  Ki,  k2,  and 
temporal  frequencies  fti  =  VgKi  and  ft..  =  y/gKi — enter  into  the 
process.  For  backscatter  at  grazing  incidence,  (5a)  shows  that 
there  are  a  whole  double  set  of  interacting  water  wave  trains 
which,  if  they  are  present,  can  produce  second-order  scatter. 
These  water  wavenumber  combinations,  *,  and  k->,  form  two 
sides  of  a  vector  triad  whose  resultant  third  side  is  k'—k* 
=  2k0x;  hence  they  need  not  be  collinear  with  the  radar  propa- 
gation direction.  Imposition  of  the  scalar  Doppler  condition 
(5b)  further  constrains  the  relationship  between  k,  and  k2, 
reducing  the  number  of  independent  degrees  of  freedom  from 
two  to  one.  Thus,  in  place  of  (4),  theory  shows  that  the  second- 
order  spectral  contribution  takes  the  form 


(«) 


=  2wf  i  <r-v.\  r|25(-c„,  ki 


,)$(« 


■5(u>° 


K»-v) 


+  fti   +  ft. 


(2b)  where  the  variable  of  integration  k  may  be  either  Ki,  k?,  or 
any  linear  combination  of  the  two.  The  quantity  T  is  the 
coupling  or  interaction  coefficient  between  the  two  sets  of 
water  waves.  Two  contributions  to  T  have  been  identified  as 
[7  J:  1)  a  hydrodynamic  term  arising  from  retention  of  the 
second-order  (perturbational)  terms  in  the  nonlinear  bound- 
ary conditions  at  the  free  water-air  interface;  and  2)  an  elec- 
tromagnetic term  arising  from  inclusion  of  second-order  terms 
from  the  boundary  perturbational  expansion  for  the  scattered 
fields  at  the  water  surface.  The  latter  contribution  is  merely 
multiple  scatter  of  the  radar  wave  from  one  set  of  ocean  waves 
to  a  second  set  and  then  back  to  the  radar.  The  former  con- 
tribution represents  the  nonlinear  interaction  of  two  water 
waves  to  form  a  small  water-surface  component  with  wave- 
number  k,  ±k2;  first-order  radar  scatter  then  takes  place  from 
this  second-order  water  wave.  Oceanographers  refer  to  this 
second-order  water  wave  as  "trapped"  or  evanescent  because 
it  can  neither  carry  energy  away  from  the  first-order  wave 
spectra  nor  can  it  exist  without  or  propagate  independently  of 
each  of  the  first-order  waves  which  produce  it. 

With  the  help  of  this  theory,  one  can  test  various  methods 
for  inferring  wave  properties  (such  as  significant  wave  height, 
dominant  wave  period,  and  dominant  wave  direction)  from 
the  second-order  echo  characteristics.  An  example  of  the  suc- 
cess realized  thus  far  in  inferring  significant  wave  height6  from 
the  records  will  be  discussed  here;  further  details  on  dominant 
wave  period  and  directionality  will  be  presented  elsewhere. 

Radar  records  for  December  4,  1972,  were  selected  for  ex- 
amination here  because:  1)  buoy  wave-height  spectra  are 
available  on  that  day;  2)  hindcasts  have  determined  that 
winds  and  waves  were  predominantly  from  the  west,  nearly 
along  the  270°  radar  beam;  and  3)  the  measured  wave-height 
spectra  have  the  shape  characteristic  of  fully  developed  wind- 
wave  conditions  (i.e.,  a  saturated/-6  equilibrium  region  and  a 
fairly  sharp  lower  end  cutoff).  Thus  the  shape  of  the  wave 
spectra  can  be  modeled  by  triangles,  one  of  which  is  shown  in 
Fig.  2  representing  the  1630  (afternoon)  wave  conditions;  the 
spectral  energy  omitted  by  this  type  of  modeling  is  not  sig- 
nificant in  these  two  cases. 

In  solving  the  integral  (6)  for  these  wave  spectra  models,  it 
is  assumed  that  the  dominant  wave  direction  is  coincident 
with  the  radar  propagation  direction.  Furthermore,  two 
models  of  azimuthal  wave  patterns  were  tested  in  the  integra- 
tion of  the  directional  spectra  S(kx,  Ky):  a  cosine-squared  pat- 
tern and  a  semi-isotropic  pattern.  This  directional  pattern  has 
been  a  very  difficult  oceanographic  quantity  to  measure,  but 
the  sparse  data  available  indicate  that  most  wind-wave  pat- 
terns lie  somewhere  between  cosine  squared  and  semi-isotropic. 

When  calculating  theoretical  values  for  the  integral  (6), 
it  is  found  that  when  the  sea  is  fully  developed  a  set  of  Doppler 
curves  can  be  prepared  as  a  function  of  a  single  universal 
parameter  0:  this  parameter  is  proportional  to  the  carrier 
frequency  times  the  rms  wave  height  (/3-^80ir/o  h/c).  Thus 
Doppler  spectra  calculated  for  a  given  wave  height  but  for 
several  radar  frequencies  can  be  interpreted  in  terms  of  a 
single  radar  frequency  but  different  wave  heights.  This  is 
illustrated  in  Table  I,  where  in  the  first  set  of  columns  the 
(5)  actual  frequencies  used  on  December  4  are  shown.  Fig.  5(a)- 
(c)  shows  calculated   versus    measured    Doppler  spectra   for 


(5a) 
(5b) 


'  It  is  interesting  to  note  that  multiplication  of  (2)  or  (5)  by  Planck's 
constant  gives  the  familiar  conservation  of  in entum  and  energy  equa- 
tions in  quantum  mechanics  for  single  and  double  wave-particle  inter- 
actions. 


s  Significant  wave  height  is  an  oceanographic  term  referring  to  the 
average  peak-to-trough  height  of  the  highest  one-third  of  the  waves.  It  is 
related  to  rms  wave  height  ifor  a  Gaussian  sea  surface)  h  by  #1/3  =  4A. 
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TABLE   I 

Parameter  Interdependence  Between  Carrier 
Frequency  and  Significant  Wave  Height 
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Fig.  5.  Comparison  of  smoothed  and  normalized  sea-echo  spectra  at 
different  frequencies.  Solid  curves  are  measured  (December  4,  1972), 
while  dotted  (cosine  squared)  and  dashed  (semi-isotropic)  are  pre- 
dicted spectra  for  wave  conditions  shown  in  Fig.  2. 


three  frequencies  in  the  afternoon  of  December  4;  the  mea- 
sured spectra  represent  the  sum  of  nine  separate  200-s  co- 
herent power  spectra,  for  a  total  of  1/2-h  incoherent  averag- 
ing. The  theoretical  spectra  include  both  the  first-order  and 
second-order  contributions;  only  the  dominant,  positive  (up- 


4       5      6     ?    8    9  10 
PARAMETER    0 

Fig.  6.  Measured  (points)  and  predicted  amplitude  of  second-order 
peak  .P+2.  Upper  and  lower  solid  lines  represent  theoretical  cosine- 
squared  and  semi-isotropic  directional  models,  respectively.  Dashed 
line  is  mean  fit  to  measured  data. 


wind)  sides  of  the  spectra  were  calculated,  with  the  dotted 
curve  representing  the  cosine-squared  and  the  dashed  curve 
the  semi-isotropic  directional  models.  Both  the  measured  and 
calculated  spectra  are  normalized  in  frequency  (with  unity 
being  the  first-order  Doppler  position,  i.e.,/yj=  ±  V2gk0/2ir), 
smoothed6  by  a  Gaussian  smoothing  function  of  width 
0.087  X/a,  normalized  in  amplitude  to  the  top  of  the  dominant 
first-order  echo,  and  finally,  the  measured  spectra  are  reposi- 
tioned so  that  the  current  offset  is  removed.  Thus  Fig.  5(b) 
actually  represents  Fig.  1  after  the  smoothing  process  and  re- 
moval of  the  current  offset. 

Several  characteristics  of  the  second-order  echo  vary  with 
the  parameter  /3  (i.e.,  with  frequency  or  wave  height),  as 
evident  from  Fig.  5.  The  amplitude  and  positions  of  the  two 
second-order  peaks  designated  P+2  and  P_2 — with  respect  to 
the  first-order  peak — change  with  increasing  /3.  We  examine 
here  only  the  amplitude  of  P+2,  and  show  in  Fig.  6  the  calcu- 
lated and  measured  values  of  P+i  in  decibels  below  the  first- 
order  peak.  The  upper  line  is  the  cosine-squared  theoretical 
model,  the  lower  is  the  semi-isotropic  theoretical  model,  while 
the  points  comprise  all  of  the  measurements  taken  at  22.5-km 
and  30-km  range  at  the  seven  frequencies  and  for  the  morning 
and  afternoon  sea  conditions  represented  by  the  wave  spectra 
of  Fig.  2.  Besides  illustrating  the  good  agreement  between 
theory  and  measurement,  this  plot  demonstrates  a  more  im- 
portant point.  A  relationship  can  be  established  between  the 
relative  height  of  P+2  and  the  parameter  0;  thus  at  a  known 
radar  operating  frequency,  the  smoothed  spectra  could  be  re- 
normalized  (using  the  dashed  calibration  curve  of  Fig.  6)  so 
that  significant  wave  height  can  be  read  out  directly  as  the 
height  of  Pi2-  This  is  demonstrated  in  Fig.  7(a)  and  (b),  which 
are  the  smoothed  spectra  for  9.4  MHz  at  22.5-km  range  for 
the  morning  and  afternoon  of  December  4,  respectively.  The 
significant  wave  heights  read  from  the  two  radar  records  are 
about  5.5  and  8.5  ft,  while  buoy  measurements  and  hindcasts 
indicated  actual  wave  heights  of  5  and  8  ft  for  morning  and 
afternoon.  Similar  displays  on  the  other  frequencies  yielded 
these  wave  heights  also,  with  an  error  commensurate  with  the 
point  spread  in  Fig.  6,  caused  primarily  by  insufficient  inco- 
herent averaging  time. 


•Smoothing  was  used  for  two  reasons:  1)  so  that  the  widths  of  the 
first-order  echoes  would  be  broadened  by  a  known  amount  beyond  any 
system  resolution  and/or  higher  order  sea  dispersion  effects,  permitting 
their  amplitude  to  be  a  true  measure  of  their  total  energy  content;  and  2) 
because  ionospheric  motions  are  expected  to  introduce  broadening  of  the 
spectra  by  approximately  the  amount  used  here. 
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Fig.  7.  Upper  portions  of  smoothed  sea-echo  spectra  at  9.4  MHz, 
calibrated  to  show  significant  sea  wave  height  (in  feet)  as  height 
of  P+2. 


VI.  Current  Measurement 

As  mentioned  in  the  Introduction  and  demonstrated  in 
Fig.  1,  currents  are  evident  in  the  records  as  an  overall  offset  of 
the  first-order  Doppier  peaks  from  their  expected  (normalized) 
positions  at  ±1.  Data  obtained  on  several  days  at  the  San 
Clemente  Island  facility  have  been  examined  from  the  stand- 
point of  deducing  currents.  Using  the  relationship  u  =  A\/gc/(4wf0) 
mentioned  in  the  Introduction,  surface  currents  radial  to  the 
radar  were  deduced  and  plotted  in  Fig.  8.  These  plots  show 
the  radial  current  component  in  centimeters  per  second  along 
240°  (circles)  and  270°  (crosses)  as  a  function  of  the  first-order 
sea  wavelength  L  corresponding  to  the  seven  operating  fre- 
quencies. Error  bars  give  an  estimate  of  the  current  magnitude 
precision.  The  precision  is  limited  by  the  resolution  of  the 
spectral  analysis  (1/200  Hz)  at  the  longer  wavelengths,  while 
at  the  short  wavelengths  the  limit  is  imposed  by  the  natural 
broadening  of  the  first-order  lines  due  to  higher  order  sea 
effects. 

The  data  in  Fig.  8  are  for  relatively  high  sea  conditions, 
with  the  wind  blowing  roughly  in  the  direction  of  the  two 
antenna  beams.  In  comparing  the  data  in  Fig.  8,  several 
points  are  worthy  of  discussion.  Note  first  of  all  that  there  is  a 
considerable  variability  in  the  observed  current  velocities.  In 
general,  the  apparent  current  magnitudes  observed  on  the  two 
bearings  are  different,  which  can  be  explained  on  the  basis 
that  the  current  flow  is  more  nearly  parallel  to  one  radar  beam 
than  to  the  other.  The  data  for  March  13  are  particularly  in- 
teresting in  this  respect  in  that  they  show  a  reversal  of  the 
current  in  the  240°  direction  at  the  shorter  sea  wavelengths. 
On  this  occasion  the  wind  was  blowing  roughly  across  the 
antenna  beams.  If  the  wind  were  coming  from  a  direction 
somewhat  south  of  west,  a  slight  approaching  velocity  would 
be  induced  in  the  240°  record  as  compared  with  the  270° 
record  which  would  be  less  affected  by  the  wind.  If  this  wind 
had  not  been  blowing  very  long  the  currents  produced  by  it 
would  not  penetrate  very  deeply.  Thu^  near  the  surface  the 
current  would  be  approaching,  but  below  the  surface  it  could 
still  be  receding.  As  a  result,  the  short  waves  could  be  expected 
to  be  most  affected  by  the  currents  closest  to  the  surface  and 
should  indicate  a  different  current  direction  than  the  longer 
waves.  These  longer  waves  ought  to  be  more  influenced  by  the 
deeper  current--  in  the  opposite  direction.  Somewhat  similar 
results  are  shown  in  the  data  fur  December  4. 

Thi-  influence  of  the  deeper  current  structure  on  the  longer 
surface  waves  is  believed  to  explain  the  dependence  of  velocity 
on  wavelength  exhibited  in  Fig.  8.  Similar  results  have  been 
reported  by  Stewart  and  Joy  [10],  who  were  able  to  compare 
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Fig.  8.      Radar-inferred  currents  (radial  to  the  radar)  versus  water  wave- 
length being  observed  by  radar.  Relatively  high  sea  states. 


the  radar  data  with  simultaneous  observations  of  the  drift  of  a 
submerged  drogue.  This  effect  is  much  like  the  decrease  in 
velocity  of  surface  waves  in  shallow  water,  and  one  could  ex- 
pect here  also  that  surface  waves  should  be  influenced  sig- 
nificantly by  currents  to  a  depth  comparable  to  their  wave- 
length. If  the  current  changes  with  depth,  as  is  usually  the 
case,  the  short  waves  will  have  a  different  velocity  than  the 
longer  waves.  This  has  been  shown  by  Plate  and  Trawle  [ll], 
following  Biesel  [12],  who  showed  that  the  observed  wave 
phase  velocity  v  on  infinitely  deep  water,  having  a  linear 
vertical  gradient  of  current  velocity  du/dz  with  depth  z,  could 
be  related  to  the  surface-current  velocity  us,  and  the  theoreti- 
cal wave  phase  velocity  in  the  absence  of  current  vo,  by 


(v  —  us)2  -\ —  du/dz(v  —  ms)  =  j'o2 


(7) 


k  being  the  wavenumber.  Note  that  when  \/k  =  L/2ir  =  0, 
r  =  ro  +  M».  Thus  we  can  estimate  the  surface  current  from 
Fig.  8  by  inspection,  as  wavelength  approaches  zero. 

Likewise,  the  vertical  current  gradient  du/dz  can  be  in- 
ferred from  the  records  by  a  perturbation  on  (7).  We  employ 
the  fact  that  us«v,  and  set  Att  =  «,i-«,  where  ihi  is  the  ap- 
parent "surface"  velocity  as  measured  at  sea  wavelength  L\  to 
obtain 


du 

dz 


4wAh 


(8) 


The  observed  currents  on  the  open  ocean  are  a  combina- 
tion of  currents  arising  from  large-scale  circulation,  tides,  the 
frictional  interaction  between  wind  and  the  sea  surface,  and 
Stokes  drift  currents  which  are  due  to  nonlinear  wave-wave 
interactions  [5],  The  latter  two  components  are  local  and 
transient,  depending  upon  the  local  wind.  Tidal  components 
have  yet  to  be  observed  and  identified  with  this  technique. 

VII.  Conclusions 
Preliminary  comparisons  of  theory  with  first-order  surface- 
wave  sea  scatter  lend  confidence  to  the  prospect  of  using  this 
echo  a-  a  calibration  standard  for  HF  radars.  This  appears 
particularly  well  suited  to  over- the- horizon  sky-wave  (iono- 
-phci  ir,  radars  and  or  communication  systems  operating  over 
the  ocean.  Since  path  loss  in  such  a  system  is  highly  variable 
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and  unpredictable,  alternative  sensitivity  calibrators,  includ- 
ing buoy  beacons/repeaters  or  islands  will  certainly  be  piore 
expensive  and/or  sporadic  in  area  coverage.  Problem-,  remain- 
ing to  be  resolved  concern  the  expected  variance  in  this  sea 
echo  as  a  function  of  incoherent  integration  (averaging)  time 
and  area  of  illumination.  Obviously,  as  one  increases  either 
the  incoherent  averaging  time  (to  several  hours)  or  the  geo- 
graphic area  over  which  incoherent  averaging  is  performed  (to 
dimensions  several  hundred  kilometers  in  extent)  the  variance 
will  decrease.  On  the  other  hand,  the  ionospheric  path  losses 
themselves  will  vary  oxer  such  temporal  and  spatial  extents, 
and  hence  one  encounters  a  tradeoff  between  the  fluctuation 
rates  of  the  environmental  factors  and  the  granularity  or 
resolution  in  time  and  space  of  the  desired  sea-echo  calibration 
information  itself.  These  questions  will  be  answered  by  further 
analysis  of  the  multifrequency  surface-wave  sea  echo,  and 
also  by  sky-wave  research  programs. 

It  appears  that  the  important  quantitative  parameters 
describing  sea  state  car.  be  deduced  from  the  characteristics  of 
the  higher  order  HP  sea-echo  Doppler  spectrum.  The  use  of 
this  higher  order  echo  is  especially  necessary  with  sky-wave 
radars  because  one  of  the  first-order  echo  peaks  is  nearly 
always  "saturated"  or  constant  in  the  upper  HF  region  in 
which  ionospheric  propagation  conditions  are  favorable.  This 
technique  has  the  advantage  of  comparing  one  part  of  the 
signal  spectrum  with  another,  and  hence  absolute  sensitivity 
calibration  of  the  system,  so  critical  for  most  sky-wave  radar 
applications,  is  not  necessary  here.  It  is  sky-wave  radar  which 
holds  out  the  ultimate  prospect  of  remotely  sensing  sea  state 
out  to  several  thousand  kilometers  from  the  U,  S.  coasts,  with 
as  few  as  two  land-based  sites.  This  paper  has  shown  that  sig- 
nificant wave  height — perhaps  the  single  most  important 
descriptor  of  sea  state — can  be  read  directly  from  sea-echo 
spectral  records.  Further  analyses  of  the  San  Clemente  Island 
data  will  concentrate  on  deducing  dominant  wave  period  and 
propagation  direction  from  the  second-order  echo  features.  A 
joint  sky-wave  radar  research  program  is  planned,  which  will 
determine  the  ultimate  precision  of  such  directional  wave- 
height  spectral  parameters  when  subjected  to  the  normal 
seasonal  and  diurnal  vagaries  of  the  ionosphere. 

Preliminary  success  at  inferring  currents  from  the  HF 
data  must  be  explored  further.  Both  surface-wave  and  sky- 
wave  radars  offer  the  prospect  of  current  monitoring  in  large 
bays,  estuaries,  or  near-  land  masses.  Surface-wave  systems, 
limited  in   range  to    <200  km,  can   measure  these  currents 


directly  from  the  translation  of  the  first-order  sea-echo  lines 
from  their  predicted  positions.  Surface-wave  operation  at 
rather  high  frequencies  (~30  MHz)  might  be  more  attractive 
because  resolution  into  smaller  cells  by  short  pulses  and  an- 
tennas with  significant  angular  resolution  is  possible.  Sky- 
wave  Doppler  records,  on  the  other  hand,  are  often  contami- 
nated by  unknown  ionospheric-layer  motions  and  multipath, 
and  hence  one  must  use  a  stable  reference  to  remove  such 
motions.  Land  or  island  echoes,  where  they  are  available 
within  the  resolution  cell,  can  serve  this  purpose.  These  con- 
cepts will  be  tested  further  by  both  surface-wave  and  sky- 
wave  experiments. 
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ANALYSIS  OF  AN  ALL-WEATHER  SYSTEM  FOR 
WIND  SOUNDING  UP  TO  15  KM  ALTITUDE 

R.  B.  Chadwick,  E.  E.  Gossard,  and  R.  G.  Strauch 


Forward-scatter  radio  paths  are  analyzed  as  a  means  of  remotely  measur- 
ing winds  to  high  altitudes.  The  propagation  problem  is  formulated  and 
pertinent  equations  are  derived.  A  ranging  technique  using  pseudo-noise 
modulation  to  measure  the  altitude  of  the  scattering  volume  is  described 
and  several  possible  geometries  and  configurations  are  discussed.  A  sample 
design  is  suggested  and  the  performance  to  be  expected  is  calculated  for 
that  design.  A  rough  estimate  is  given  of  the  equipment  cost  for  a  nation- 
wide system  capable  of  routinely  measuring  winds  up  to  15  km. 
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Radio  wave  interactions  with  the  atmosphere  and  its  constituents  have  been  used  to  derive 
information  on  many  aspects  of  the  troposphere.  Passively  (i.e.,  in  the  radiometric  mode),  they 
have  been  used  to  measure  temperature  profiles  and  the  water  vapor  and  liquid  water  contents 
of  the  atmosphere,  and  to  identify  tornadic  storms.  In  the  active  mode,  three-dimensional  fields 
of  precipitation  and  velocity  have  been  measured.  These  have  permitted  studies  of  horizontal  and 
vertical  velocities,  vorticity,  convergence,  turbulence  spectra,  turbulent  kinetic  energy  dissipation 
rates,  and  fluxes  of  momentum  and  kinetic  energy,  as  well  as  studies  of  such  atmospheric  phenomena 
as  thermal  plumes,  convective  cells,  internal  gravity  waves,  breaking  waves,  and  convective  and 
orographic  storms. 


INTRODUCTION 

Radio  waves  propagating  in  the  lower  atmosphere 
can  at  times  be  significantly  affected  by  the  presence 
of  the  atmospheric  gases  and  hydrometeors.  These 
interactions  between  the  radio  waves  and  the  prop- 
agation medium  have  been  used  to  derive  quantita- 
tive information  on  the  medium.  This  paper  reviews 
the  status  of  the  field.  In  so  doing,  it  is  convenient 
to  recognize  that  radio  probing  of  the  troposphere 
may  be  done  either  passively  (as  when  using  a 
microwave  radiometer,  or  in  studying  "atmos- 
pherics"), or  actively  (as  when  using  a  weather 
radar). 

We  turn  first  to  passive  probing.  At  microwave 
frequencies,  the  microwave  radiation  from  the  ab- 
sorbing components  of  the  atmosphere  is  believed 
to  be  in  thermal  equilibrium  with  the  medium. 
Hence,  if  the  amount  of  the  absorbing  material  is 
known,  its  temperature  can  be  deduced  from 
measurements  of  its  microwave  emission;  alterna- 
tively, if  its  temperature  is  known,  the  amount  of 
material  can  be  calculated.  The  application  of  these 
passive  radio  probing  techniques  is  discussed  in 
the  next  section,  where  mention  is  also  made  of 
the  use  of  lower  (HF)  frequencies  to  identify  torna- 
dic storms. 

The  following  section  deais  with  active  radio 
probing  systems,  in  which  man-made  ivdio  signals 
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are  used,  typically  in  a  radar-like  mode,  to  remotely 
probe  the  troposphere.  In  this  case,  some  of  the 
transmitted  radio  energy  is  received  after  being 
scattered  by  the  propagation  media;  the  scattered 
signal  is  used  to  derive  information  on  the  nature 
of  the  scatterer,  including  its  spatial  distribution, 
and  (using  the  Doppler  effect),  its  velocity.  Typical- 
ly, the  scatterers  are  natural  raindrops  or  snow, 
but  man-made  targets,  such  as  chaff,  may  be  used 
for  studies  of  clear  air  conditions.  In  the  case  of 


5r- 


BOULDER,  COLO. 
0400  4/30/71 

4  Frequencies 
6  Angles 


Radiosonde 
Profile 


240 


250        260        270        280 

Temperature  (K) 


APRIL 
STATISTICS 


290 


Fig.  1.  Inferred  and  measured  temperature  profiles  using  four 

radiometer  frequencies  and  six  elevation  angles  [from  Snider, 

1972]. 


735 

152 


736 


C.  GORDON  LITTLE 


modern,  ultrasensitive  radars,  echoes  obtained  from 
the  small-scale  refractivity  fluctuations  occurring 
naturally  in  the  atmosphere  can  be  used  to  study 
the  internal  structure  and  processes  of  the  clear 
atmosphere. 

PASSIVE  RADIO  PROBING 

If  an  antenna  is  immersed  in  a  completely  absorb- 
ing medium  at  a  temperature  T,  the  noise  power 
available  at  the  antenna  terminals  due  to  the  thermal 
radiation  from  the  propagation  medium  is  given  by 
the  simple  formula 

P  =  kTB 

n 

where  k  is  Boltzmann's  constant  and  B  is  the 
observing  bandwidth.  To  compute  the  thermal 
power  available  from  an  absorbing  atmosphere,  the 
distribution  of  temperature  and  absorption  along 
the  radio  ray  path  must  be  known.  The  equivalent 
sky  temperature,  Te,  of  the  noise  power  available 
from  a  given  direction  is  given  by 


6° 


TIME:  1637-1646  MDT 
RANGE;  65  km 


T  = 


T(s)  a(s)  exp 


a(s')ds' 


ds 


where  T(s)  and  a(s)  are  the  temperature  and  the 
absorption  coefficient  as  a  function  of  range  s  along 
the  ray.  If  either  T(s)  or  a(s)  is  known,  then  under 
appropriate  conditions  the  integral  equation  can  be 
inverted  to  derive  the  other  term.  Snider  [1972] 
has  used  a  4-frequency  microwave  radiometer  in 
the  60-GHz  02  absorption  band  to  measure  temper- 
ature profiles  in  this  way.  Figure  1  shows  a  compar- 
ison of  such  a  radio-derived  profile  with  that  mea- 
sured by  a  radiosonde.  In  general,  very  good  agree- 
ment is  found  close  to  the  ground,  but  elevated 
temperature  inversions  tend  to  be  masked  by  the 
underlying  absorption  and  to  be  considerably  re- 
duced in  amplitude,  and  broadened  in  height. 

In  the  absence  of  clouds,  a  microwave  radiometer 
operating  near  the  water  vapor  absorption  line  at 
about  22  GHz  can  be  used  to  measure  the  integrated 
water  vapor  in  the  column  above  the  radiometer. 
Decker  et  al.  [1973]  compare  the  integrated  wet 
refractivity  derived  simultaneously  from  radio  path 
length  measurements  and  from  passive,  radiometric 
measurements.  Their  results  confirm  the  ability  of 
the  radiometer  to  measure  integrated  water  vapor 
content  in  the  absence  of  clouds,  which  would  cause 
the  radiometric  system  to  record  too  high  an  antenna 
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Fig.  2.  Contours  of  liquid  water  content  (kg  m~2  column)  of 

an  18  July  1967  thunderstorm  near  Boulder,  Colorado  [from 

Decker  and  Dutton,  1970]. 

brightness  temperature.  Recently,  M.  T.  Decker 
(personal  communication,  1974)  has  shown  that  the 
addition  of  a  second  radiometer  frequency,  operat- 
ing well  away  from  the  water  vapor  line,  permits 
correction  of  the  water  vapor  measurements  for 
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Fig.  3.  Horizontal  wind  field  at  an  altitude  of  6.4  km 
revealed  by  dual-Doppler  radar  system  during  a  Colo- 
rado thunderstorm  (courtesy  R.  A.  Kropfli  and  L. 
J.  Miller). 
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the  energy  radiated  by  clouds  in  the  field  of  view 
of  the  water  vapor  radiometer. 

The  liquid  water  content  of  clouds  can  be  mea- 
sured using  a  microwave  radiometer  tuned  well 
away  from  the  water  vapor  absorption  line.  Figure 
2,  due  to  Decker  and  Dutton  [1970],  shows  a 
two-dimensional  plot  of  the  integrated  liquid  water 
content  of  a  thunderstorm,  obtained  by  scanning 
a  10.7-GHz  radiometer  across  the  storm.  For 
nonprecipitating  clouds,  considerably  greater  sensi- 
tivity (to  better  than  1/10  mm  of  liquid  water)  can 
be  obtained  by  using  a  frequency  of  about  30  GHz 
(M.  T.  Decker,  personal  communication,  1974).  It 
should  be  noted  that  ice  crystals  show  much  less 
absorption  than  liquid  water,  and  therefore  are  not 
seen  by  the  radiometer.  This  suggests  that  mi- 
crowave radiometers  should  be  useful  for  monitor- 
ing the  change  of  state  of  cloud  particles. 

It  has  been  known  since  the  early  work  of  Marconi 
and  his  colleagues  that  appreciable  radio  frequency 
energy  is  radiated  by  lightning  discharges.  In  recent 
years,  these  atmospherics  have  been  studied  in  an 
attempt  to  find  a  distinguishing  characteristic  which 
could  be  used  to  automatically  identify  severe 
thunderstorms,  and  especially  those  which  have 
tornadoes  associated  with  them.  Significant  success 
has  been  obtained  using  measurements  of  the  "burst 
rate" — the  frequency  of  occurrence  of  short  dura- 
tion periods  with  very  high  counting  rates  of  sferics. 
Taylor  [1973]  found  that  the  general  characteristic 
of  the  signals  observed  during  nonsevere  storm 
conditions  was  that  of  a  few  short-duration  bursts 
of  low  sferic  rates  with  occasional  long-duration 
bursts  of  high  sferic  rates  produced  by  discrete 
discharges.  Tornadic  storms  typically  showed  en- 
hanced sferic  activity,  with  many  bursts  of  high 
sferic  rates.  This  enhancement  in  burst  rate  was 
not  generally  apparent  at  the  lower  frequencies 
(below  about  300  kHz)  but  was  easily  recognized 
at  frequencies  above  1  MHz.  Using  a  network  of 
fifteen  3-MHz  burst-rate  recording  systems  during 
the  1972  tornado  season,  Taylor  obtained  data  on 
the  cumulative  distributions  of  burst  rates  for  five 
different  levels  of  thunderstorm  severity.  Tornadic 
storms  clearly  showed  the  highest  burst  rates, 
followed  by  storms  with  funnel  clouds,  storms  with 
severe  wind  or  hail,  and  nonsevere  thunderstorms. 
Approximately  three  out  of  four  tornadic  storms 
reported  as  occurring  within  30  km  of  the  sensors 
registered  more  than  the  (somewhat  arbitrary)  alarm 
criterion  of  20  bursts  per  minute;  only  about  one 


in  fifteen  of  the  nonsevere  thunderstorms  occurring 
within  30  km  reached  this  alarm  level.  Work  is 
now  underway  to  develop  an  automatic  direction- 
indicating  tornadic  storm  detector. 

ACTIVE  RADIO  PROBING 

During  the  early  1930s,  Marconi  made  some  of 
the  first  measurements  of  the  scatter  of  radio  waves 
by  man-made  objects.  From  these  early  beginnings 
has  grown  the  whole  field  of  radar,  with  all  its 
many  civilian  and  military  uses.  We  turn  now  to 
the  use  of  radar  fdr  meteorological  purposes.  In 
this  case,  it  is  convenient  to  differentiate  between 
three  different  types  of  studies,  according  to  the 
nature  of  the  scatterers  responsible  for  the  radar 
echoes.  These  are  respectively  precipitation,  chaff, 
and  regions  of  naturally  occurring  refractivity  fluc- 
tuations present  in  the  clear  atmosphere. 

Weather  radar  is  by  now  a  standard  tool  of  many 
national  weather  services.  For  many  years  it  has 
been  used  to  monitor  the  development  and  motion 
of  regions  of  precipitation,  with  some  indication 
of  the  precipitation  rate  being  derivable  from  the 
echo  intensities.  A  recent  development  is  project 
D/RADEX  in  which  digitized  data  from  several 
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Fig.  4.  Two-dimensional  velocity  field  in  a  vertical 

plane  through  a  Colorado  thunderstorm  (courtesy  R. 

A.  Kropfli  and  L.  J.  Miller),  compared  with  typical 

model  of  a  thunderstorm. 
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Fig.  5.  Comparison  of  recordings  of  gravity  waves  observed  on  a  microbarograph  array  near  Washington,  D.C,  and  on  the 
high  power  Wallops  Island  radar,  March  18,  1969  (courtesy  W.  H.  Hooke). 


radars  are  transmitted  to  a  central  location  by  means 
of  satellite  for  an  essentially  real-time  monitoring 
of  severe  storm  activity  over  very  large  areas.  Also, 
Eccles  and  Atlas  [1973]  have  recently  shown  how 
a  two-wavelength  radar  system,  using  scaled  anten- 
nas, can  be  used  to  identify  the  locations  of  regions 
of  hail  in  thunderstorms. 

But  the  most  significant  advance  in  weather  radar 
has  come  with  the  application  of  the  Doppler 
principle  to  determine  the  full  three-dimensional 
velocity  field  in  regions  of  precipitation.  The  dis- 
placement in  frequency  of  the  received  echo  relative 
to  the  transmitted  frequency  is  directly  proportional 
to  the  component  of  the  velocity  of  the  precipitation 
toward  the  radar.  By  scanning  the  radar  in  azimuth 
and  elevation,  a  full  three-dimensional  plot  of  this 


component  of  velocity  can  be  obtained.  If  the  same 
volume  is  also  scanned  from  a  different  direction 
by  a  second  radar,  careful  processing  of  the  two 
radial  velocity  fields  permits  derivation  of  the  full 
three-dimensional  velocity  field  [Miller  and 
Strauch,  1974].  Some  examples  of  results  of  this 
technique,  using  two  3-cm  Doppler  radars  spaced 
up  to  about  50  km  apart,  are  shown  in  Figures 
3  and  4.  Figure  3  shows  the  horizontal  wind  field 
at  an  altitude  of  6.4  km  observed  during  a  1973 
thunderstorm.  The  storm  motion  of  about  4  m/sec 
in  the  x  direction  has  been  removed.  The  cyclonic 
and  anticyclonic  rotations  are  part  of  rotating  up- 
draft  cores,  which  persisted  through  a  depth  of 
more  than  5  km.  Figure  4  shows  a  vertical  section 
of  the  same  storm  parallel  to  the  direction  of  storm 
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Fig.  6.  PPI  picture  from  high  power  10-cm  wavelength  radar 

at  Wallops  Island  showing  convective  cells.  Antenna  elevation 

angle  2°,  range  marks  every  5  n  mi  [from  Konrad,  1970]. 


motion.  Those  familiar  with  the  simplified  two- 
dimensional  thunderstorm  models  will  recognize  the 
predominant  features.  The  gust  front  ahead  of  the 
precipitation  region  is  shown,  as  well  as  the  mid- 


level  inflow  from  the  backside,  lying  between  lower 
and  higher  levels  of  outflow.  The  updraft  region 
is  strongly  identified,  as  is  the  outflow  to  the  anvil. 
The  simultaneous  availability  from  this  multi- 
Doppler  radar  system  of  the  time-history  of  the 
velocity  and  precipitation  fields  in  thunderstorms 
is  giving  totally  new  insights  into  their  nature,  and 
must  be  regarded  as  a  major  breakthrough  in  ob- 
servational meteorology. 

The  Doppler  radars  referred  to  above  usually  use 
precipitation  as  the  tracer  of  the  velocity  field,  and 
require  the  presence  of  chaff  for  studies  of  the 
clear  air  velocity  field.  Ultrasensitive  pulse  radars 
[Hardy  and  Katz,  1969]  and  the  new  FM/CW 
radars  [Richter,  1969]  have  sensitivities  such  that 
echoes  can  be  obtained  from  naturally  occurring 
fluctuations  in  the  radio  frequency  refractive  index 
of  the  atmosphere.  In  this  case,  the  echo  strength 
from  a  given  volume  is  proportional  to  that  Fourier 
component  of  the  refractivity  field  in  the  volume 
which  is  directed  toward  the  radar  and  has  a  spatial 
wavelength  equal  to  half  the  radar  wavelength.  All 
other  spectral  components  in  the  refractivity  field 
are  not  effective  in  scattering  a  signal  back  to  the 
radar.  These  radars  may  therefore  be  used  to  map 
regions  of  the  atmosphere  which  contain  relatively 
strong,  small-scale  (i.e.,  \/2  size)  fluctuations  in 
refractive  index.  Examples  of  such  echo  patterns 
are  given  in  Figures  5,  6,  and  7.  Figure  5,  taken 


Fig.  7.  RHI  picture  from  high  power  10-cm  wavelength  radar  at  Wallops  Island  showing  convective 
cells.  Range  marks  every  5  n  mi.  Height  scale  expanded  approximately  three  times  relative  to 

horizontal  scale  [from  Konrad,  1970]. 
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Chaff 
Z=  100 


Fig.  9.  Velocity  field  in  horizontal  plane  at  a  height 

of  100  m,  obtained  during  convective  conditions  using 

dual-Doppler  radar  system  and  chaff.  Note  the  very 

well-defined  divergence  (courtesy  A.  S.  Frisch). 


from  a  forthcoming  paper  by  Hooke  and  Hardy 
[1975],  includes  an  RHI  plot  of  elevated  layers 
whose  height  is  modulated  in  a  wavelike  manner. 
(This  echo  pattern  is  actually  characteristic  of  a 
breaking  gravity  wave  [Hardy  and  Katz,  1969].) 
Also  shown  in  Figure  5  are  records  taken  some 
200  km  from  the  radar  site  on  a  spaced  array  of 
microbarographs.  The  parameters  of  the  waves 
deduced  from  the  two  types  of  observations  are 
shown  in  the  table  and  make  it  plain  that  the  two 
systems  were  observing  the  same  wave  train. 

Figure  6  is  a  striking  representation  of  convective 
cells  as  shown  in  a  PPI  plot  from  the  Wallops  Island 
radar  [Konrad,  1970].  The  donut-shaped  echoes, 
arrayed  in  long  lines  or  streets,  are  individual 
convective  cells  seen  in  cross  section  by  the  radar 
beam  at  an  elevation  angle  of  2°.  Figure  7  shows 
the  convective  plumes  in  vertical  cross  section,  as 
obtained  on  the  same  radar,  while  Figure  8  shows 
convective  activity  as  seen  on  a  fixed,  zenithally 
directed  FM/CW  radar.  The  inversion  capping  the 
convective  activity  is  clearly  identified  in  both 
figures,  and  is  seen  to  be  displaced  vertically  by 
the  convective  activity  below.  Figure  9,  taken  during 
clear-air  convection  using  the  dual  Doppler  radar 
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Fig.  10.  Vertical  cross  section  of  velocity  field  during 
convective  conditions,  obtained  using  dual-Doppler 
radar  system  and  chaff.  Note  the  well-defined  up- 
drafts,  downdrafts,  and  divergence  (courtesy  A.  S. 
Frisch). 


system  and  chaff,  gives  a  graphic  representation 
of  the  divergence  of  the  downdraft  region  of  a 
convective  cell  in  a  horizontal  plane  100  m  above 
the  ground.  A  vertical  cross  section  of  the  dynamics 
of  the  cell  is  given  in  Figure  10  which  clearly  defines 
the  regions  of  updraft,  downdraft  and  convergence 
and  divergence. 


CONCLUSION 

Thus,  we  see  that  radio  waves  can  be  used 
passively  to  measure  temperature  profiles,  and  the 
water  vapor  and  liquid  water  contents  of  the  atmo- 
sphere, as  well  as  to  distinguish  the  severity  of 
thunderstorms.  Operating  actively,  radar  systems 
may  be  used  to  map  (in  all  three  spatial  dimensions) 
clouds,  precipitation,  and  hail,  and  the  three-dimen- 
sional distribution  of  velocity,  turbulence,  vorticity, 
and  divergence.  In  addition,  ultrasensitive  radars 
have  been  shown  capable  of  monitoring  clear-air 
phenomena  such  as  thermal  plumes,  convective 
cells,  temperature  inversion  layers,  and  gravity 
waves.  I  believe  that  Marconi,  whose  demon- 
strations of  new  radio  communication  capabilities 
repeatedly  surprised  the  world,  would  himself  have 
been  surprised  and  pleased  to  see  how  far  this 
frontier  of  radio  probing  of  the  troposphere  has 
advanced. 
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A  Dual  Doppler  Radar  Method  for  the  Determination  of  Wind  Velocities 
within  Precipitating  Weather  Systems 

L.  J.  MILLER  AND  R.  G.  STRAUCH 

NOAA/ERL/Wave  Propagation  Laboratory,  Boulder,  Colorado  80302 


A  method  of  coordinated  scanning  which  makes  use  of  two  Doppler  radars  and  a  procedure  of  data  reduction 
are  described.  The  two  radar  estimates  of  radial  velocity  of  the  precipitation  particles  are  combined  with  the 
equation  of  mass  continuity  and  an  independent  estimate  of  the  mean  particle-fall  velocity.  This  results  in  a 
complete  solution  for  the  three  components  of  vector  air  motion.  Examples  of  air  motion  fields  which  illustrate 
the  effectiveness  of  this  new  technique  in  revealing  the  detailed  structure  of  the  winds  are  shown. 


Introduction 

Coherent  or  Doppler  radar  systems  have 
clearly  demonstrated  their  value  in  the  ground- 
based  remote  sensing  of  mesoscale  atmospheric 
motions.  So  long  as  air  motion  tracers,  whether 
natural  or  man-made,  are  present  in  sufficient 
numbers  to  return  a  detectable  signal,  the  pulse 
volume  distribution  of  radial  motions  of  these 
tracers  is  readily  determined  from  an  analysis  of 
the  spectrum  of  Doppler  frequency  shifts  in 
this  signal.  The  reflectivity-weighted  average  of 
this  frequency  spectrum  is  related  to  the  mean 
particle  radial  motion. 

Single  radars  have  been  used  by  numerous 
investigators  in  the  determination  of  one- 
dimensional  air  motion  during  certain  restricted 
atmospheric  conditions.  However,  the  effective 
determination  of  the  complete  three-dimension- 
al vector  air  motion  under  most  conditions 
requires  the  use  of  multiple  radar  systems.  A 
method  of  radar  scanning  and  a  procedure  of 
data  reduction  developed  at  the  NOAA  (Na- 
tional Oceanic  and  Atmospheric  Administra- 
tion) Wave  Propagation  Laboratory  has  demon- 
strated that  the  vector  air  motion  fields  can  be 
determined  with  the  use  of  only  two  radars. 
This  paper  describes  the  method  and  proced- 
ures, and  shows  examples  of  air  motion  fields 


which  illustrate  the  power  of  this  new  tech- 
nique for  remotely  sensing  the  atmospheric 
environment. 

In  our  procedure,  the  two  radar  radial  velo- 
city estimates  are  combined  with  the  equation 
of  mass  continuity  and  an  independent  estimate 
of  mean  terminal-fall  velocity.  This  results  in  a 
complete  description  of  three-dimensional  air 
motion  in  space  and  time  within  the  framework 
of  the  assumptions  involved. 


The  Velocity  Spectrum 

As  the  precipitating  particles  comprising  a 
distributed  meteorological  radar  target  move 
about,  the  return  signal  is  seen  to  fluctuate 
randomly  in  both  phase  and  amplitude.  These 
fluctuations  are  associated  with  a  relocation  of 
scatterers  by  the  relative  particle  motion  within 
the  illuminated  volume.  The  time  rate  of 
change  of  phase  (dy/dt  =  4n  vR/X  where  vR  is 
radial  velocity  and  X  is  radar  wavelength)  of  the 
return  signal  is  therefore  a  measure  of  the 
particle  radial  motion  distribution  (see  Lawson 
and  Uhlenbeck,  1950;  Rogers,  1963). 

The  reflectivity-weighted  average  of  the  velo- 
city spectrum  is  the  mean  radial  velocity  of  the 
particles  in  the  pulse  volume.  This  average  is  the 
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sum  of  two  components  along  the  beam:  (a) 
the  radial  component  of  the  mean  particle-fall 
velocity  and  (b)  the  mean  radial  air  motion, 
assuming  that  the  precipitating  particles  do 
indeed  follow  the  air  motion.  Wilson  ( lc)70)  has 
shown  that  even  a  hailstone  as  large  as  2 -cm 
diam  can  be  expected  to  follow  the  mean 
horizontal  air  motion  within  ±  0.5  m  sec'1  in  a 
flow  with  vertical  shear  of  less  than  1CT2  sec"1 
(a  reasonable  value  for  mature  convective 
storms).  The  larger  particles  are,  however,  less 
responsive  to  small  scale  (~  few  centimeters)  air 
motion  variability.  This  implies  that  there  exists 
an  individual  turbulence  spectrum  for  each 
particle  size. 

If  the  incremental  power  returned  by  all 
scatterers  moving  with  radial  velocity  between 
vR  and  vR  +  dvR  is  denoted  by  S(yR)  dvR  ,  the 
/zfh  initial  moment  of  the  spectrum  becomes 


^R 


(1 


where  the  average  return  power  PR  =  J  S 
(vR)  dvR.  The  mean  particle  radial  velocity  is 
given  by  Eq.  (1 )  with  n  =  1 .  The  variance  of  the 
Doppler  spectrum  is 


0     =  F"  f(vR~W2    S(vR)dvR. 


(2) 


The  measured  mean  radial  velocity  is  a  result  of 
the  spatial  convolution  of  the  point  radial 
velocity  function  with  the  radar  antenna  illumi- 
nation function  (Srivastava  and  Atlas,  1972). 
Consequently,  the  motions  being  probed  are 
low-pass  filtered  through  the  effect  of  pulse- 
volume  averaging. 

Coplane  method 

Unambiguous  determination  of  the  average 
vector  particle  motion  obviously  requires  simul- 


taneous measurement  of  mean  radial  velocities 
within  a  common  volume  from  three  different 
directions.  The  vector  particle  motion  can 
therefore  be  realized  by  positioning  three 
Doppler  radars  some  distance  apart  and  simul- 
taneously scanning  on  a  systematic  pulse- 
volume  by  pulse-volume  basis  until  the  entire 
precipitating  region  has  been  probed.  This 
method,  however,  does  not  utilize  the  fact  that 
many  pulse  volumes  along  any  slant  range  from 
a  particular  radar  can  be  simultaneously  probed 
for  mean  radial  velocity  estimates. 

One  alternative  to  this  method  would  be  to 
collect  data  at  many  range  locations  along  each 
beam  position  in  some  preselected  azimuthal 
elevation  beam  scan  sequence.  Each  radar 
would  scan  independently  and  the  radial  velo- 
city fields  could  be  interpolated  to  arrive  at 
values  at  common  grid  locations.  The  entire 
scan  sequence  must  necessarily  be  completed 
prior  to  interpolation.  The  interpolation 
scheme  must  therefore  account  for  temporal  as 
well  as  spatial  variation  in  the  velocity  fields. 

This  method  is  highly  restrictive  and  not 
optimum  when  applied  to  precipitating,  short- 
lived weather  systems  having  considerable  air- 
motion  variability  in  both  space  and  time.  A 
more  coordinated,  high-speed  data  acquisition 
method  is  necessary  for  measuring  motions  in 
such  weather  systems.  One  dual  radar  method, 
COPLAN  (an  acronym  for  coordinated 
coplamr)  scanning,  first  proposed  by  Lhermitte 
and  Miller  (1970)  and  later  expanded  by  Miller 
(1972)  is  designed  to  meet  these  requirements. 
A  schematic  representation  of  the  scan  method 
is  shown  in  Fig.  1.  As  will  become  evident, 
coplane  scanning  is  a  natural  way  of  utilizing 
only  two  Doppler  radars  to  systematically 
probe  precipitating  systems  such  as  convective 
storms.  Three-dimensional  air  motion  is 
inferred  by  combining  the  dual  radar  measure- 
ments of  radial  particle  motion  with  the  equa- 
tion of  mass  continuity  and  with  an  estimate  of 
mean  fall  velocity  obtained  independently  of 
the  Doppler  data. 
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FIG.  1.  Schematic  depiction  of  dual-Doppler  radar  coplane  scanning  of  a  precipitating  region  of  a  convective 

storm. 


Conventional  radar  scanning  methods  require 
the  completion  of  a  three-dimensional  sequence 
of  azimuth  and  elevation-angle  scans  before  the 
measured  radial  particle-velocity  fields  can  be 
expressed  in  a  common  coordinate  system. 
Once  these  radial  velocity  fields  are  inter- 
polated to  common  locations,  they  can  be 
combined  to  give  a  three-dimensional  vector 
velocity  field.  The  particle-motion  field  must 
therefore  be  time-adjusted  or  assumed  to  be 
stationary  for  this  total  scan  time.  However  in 
coplanar  scanning,  dual  radar  data  to  be 
combined  for  a  two-dimensional  motion  field 
are  initially  acquired  in  common  planes  of  a 
cylindrical  coordinate  system.  The  velocity 
field  is  then  assumed  stationary  only  for  the 
much  shorter  scan  time  (typically  one-half 
minute  or  less)  of  a  single  plane.  One  obvious 
advantage  of  this  scanning  is  a  better  assessment 
of  the  true  temporal  behavior  of  the  air  motion. 
Data  sets  from  a  single  plane  can  be  acquired 
quickly  and  the  plane  rescanned  periodically  at 


a  time  interval  much  longer  than  the  plane  scan 
time.  Moreover,  interpolation  procedures  are 
two-dimensional  rather  than  four-dimensional 
(space  and  time).  This  simplification  of  the  data 
processing  leads  to  a  significant  saving  of  time 
and  money  in  the  analysis  of  the  large  quantity 
of  data  that  Doppler  radars  can  provide. 

The  COPLAN  method  requires  that  data 
from  two  radars  be  separately  evaluated  for 
radial  particle-velocity  estimates  at  grid  points 
in  a  tilted  plane  passing  through  the  two  radar 
positions.  These  two  radial  velocity  fields  are 
then  linearly  combined  to  provide  an  unam- 
biguous two-dimensional  particle  motion  vector 
field.  When  the  particle-fall  speed  contribution 
is  subtracted,  the  result  is  a  vector  air  motion 
field  in  the  plane.  The  third  component  of  air 
motion  normal  to  the  plane  is  then  estimated 
from  an  integration  in  cylindrical  coordinates 
of  the  equation  of  continuity  for  an  incom- 
pressible fluid.  The  velocity  components  are 
then  reinterpolated  for  estimates  in  horizontal 
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and  vertical  planes  as  needed.  These  new 
coplanar  components  of  air  motion  are  readily 
transformed  to  components  in  Cartesian  coor- 
dinates. 


Coordinate  systems 

Conventionally,  weather  radars  have  scanned 
in  a  spherical  coordinate  system  defined  by  the 
slant  range  R,  elevation  angle  0.  and  azimuth 
angle  0.  These  coordinates  are  related  to  the 
conventional,  local  tangent-plane,  meteoro- 
logical system  by  the  relations 


R 


-  i^ 


(x2  +  y2  +zl) 


0    =  tan" 


L(*2+W/2J 


=  tan 


(3] 


(4) 


(5) 


for  a  radar  located  at  the  origin.  The  positive 
directions  are,  respectively,  upwards  from  the 
local  horizontal  for  the  elevation  angle  and 
clockwise  from  true  north  for  the  azimuth 
angle.  This  system,  however,  is  inappropriate 


for   coordinated,   high-speed  scanning  by  two 
radars. 

For  two  radars  a  more  natural  system  is  a 
right  circular,  cylindrical  coordinate  system 
whose  axis  is  along  the  line  joining  the  radars. 
As  the  radar  antenna  rotates  in  the  azimuthal 
direction,  the  beam  is  constrained  to  a  plane 
tilted  at  an  angle  a  above  the  local  horizontal 
by  changing  the  elevation  angle  0  according  to 
the  relation 


tan  6  =  tan  a  |  sin  (0  -0) 


(6) 


The  quantity  (0  -  j3)  is  the  azimuth  angle 
relative  to  the  baseline  which  makes  an  angle  (3 
with  the  true  north.  Note  that  Eq.  (6)  requires 
that  the  coplane  and  elevation  angles  be  equal 
in  the  direction  perpendicular  to  the  baseline  (0 
- 13  =  90°)  and  that  the  elevation  angle  be  zero 
for  all  coplane  angles  in  a  direction  along  the 
baseline  (0  -  j3  =  0°).  Obviously,  this  limits  the 
scanning  region  to  a  smaller  area  than  that 
useable  by  a  single  radar.  But,  as  will  be  shown 
later,  regions  that  cannot  be  scanned  are  those 
where  accurate  two-dimensional  velocity  esti- 
mates cannot  be  derived  from  the  radar  mea- 
surements. 

The   coplane   or    cylindrical  coordinates  are 
related  to  the  Cartesian  coordinates  (x,  y,  z) 


Radar  2 


FIG.  2.   Relation  between  coplane  (/",  x.  a)  and  Cartesian  (x,  y,  z)  coordinates. 
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measured  relative  to  the  baseline  (Fig.  2)  by  the 
following  transformations: 


r  =(x2  +z2) 


s=y, 


a  -  tan  !  (z/x), 


(7) 
(8) 
(9) 


where  the  tilt  angle  a  is  restricted  to  the 
interval  0  <  a  <  n/2,  r  is  the  distance 
perpendicular  to  the  baseline  and  s  is  the 
distance  parallel  to  the  baseline.  Both  s  and  r  lie 
in  the  plane  and  the  origin  is  at  the  midpoint  of 
the  baseline.  The  positive  s-direction  is  defined 
such  that  the  region  being  scanned  is  always  to 
the  right  of  the  baseline  when  looking  in  the 
positive  s-direction. 


Velocities 

If  u  and  v  are  the  respective  horizontal 
components  of  air  motion  perpendicular  and 
parallel  to  the  radar  baseline  and  w  is  the 
vertical  component,  the  air  motion  components 
in  the  tilted  plane  are 

ur  =  u  cos  a  +  w  sin  a,  (10) 

"S  =  v,  (11) 

ua  -  -u  sin  a  +  w  cos  a.  (12) 

The    quantities    ur    and   us    are,  respectively, 

perpendicular  and  parallel  to  the  baseline  and 

ua    is    normal    to    the    plane.  The    inverse 
transformations  are  given  by 


For  particle  motion  one  need  only  substitute  w 
+  vtX where  vt  <  0  is  the  mean  fall  velocity  in 
still  air)  for  w  in  the  velocity  transformations, 
and  vr,  vs,  and  va  become  the  respective 
particle-motion  components: 


vr  =  ur  +  vt  sin  a, 

(16) 

vs  ~  Us  , 

(17) 

'a  =  ua  +  Vt  cos  a- 

(18) 

It  is  noteworthy  that  the  coplane  method  leads 
directly  to  the  horizontal  component  of  air 
motion  parallel  to  the  baseline  for  all  planes 
scanned,  and  that  vs  is  independent  of?}. 

The  first  moment  of  the  Doppler  spectrum  is 
the  velocity  component  radial  to  the  radar,  and 
so  is  related  to  the  velocity  components  above 
by 


vr  (5)  =  vr  sin  5  +  vs  cos  5 . 


(19) 


where  5  =  tan-1  [r/(s  -  s0)]  is  the  angle  in  the 
plane  between  the  baseline  and  the  radar  beam 
for  a  radar  located  at  (0,  s0).  Since  the  particle 
velocity  component  normal  to  the  plane  does 
not  contribute  to  the  radial  velocity,  unam- 
biguous resolution  of  the  two-dimensional 
particle  motion  in  the  plane  is  realized  from  the 
solution  of  two  expressions  analogous  to  (19), 
one  for  each  radar. 

Measurement  of  two  mean  radial-velocity 
estimates,  VR  i  and  VR2>  at  the  same  point  in 
the  plane  leads  to 


vr(r,  s)  = 


R\VRi  is  +  d)  -R2VR2{s-d) 
2dr 


(20) 


u  =  ur  cos  a  -ua  sin  a  , 

(13) 

and 

v  =  us  » 

(14) 

w  =  ur  sin  a  ua  cos  a. 

(15) 

vs  (r,  s)  = 


R2vR2  -RiVRi 
2d 


(21) 
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where  the  slant  ranges 

Ri  =\r2+(W)2  and/?,  =  \]r2  +  (s+d)2  , 

and  2d  is  the  separation  distance  of  the  radars. 
The  air-motion  component  perpendicular  to  the 
baseline,  ur  in  Eq.  (16),  is  obtained  from  (20) 
by  subtraction  of  the  mean  fall  velocity 
contribution.  V}  sin  a.  As  noted  earlier,  the 
air-motion  component  along  the  baseline  is 
uniquely  determined  by  the  radar  measure- 
ments and  the  location  in  the  plane. 

Coplane  interpolation 

The  solutions  for  vr  and  vs  given  in  (20)  and 
(21 )  require  knowing  F#  ,  and  F/j  2  at  the  same 
r,  s  field  point.  In  general  these  estimates  are 
not  obtained  at  commom  points  so  that 
interpolation  of  the  measured  fields  is  required. 
Most  often  the  radar  acquires  data  at  fixed 
range  locations  as  the  antenna  scans  in  the 
azimuthal  direction.  This  coordinate  system  is 


orthogonal  so  that  two-dimensional  inter- 
polation can  be  accomplished  by  first  doing 
two  one-dimensional  interpolations  along  the 
arcs  at  each  of  two  adjacent  radar  ranges  to 
obtain  new  estimates  at  the  azimuth  of  the  r,  s 
grid  location  (see  Fig.  3).  These  estimates  are 
then  used  in  a  one-dimensional  interpolation 
along  the  radial  to  arrive  at  the  needed  value 
within  the  measurement  range-azimuth  cell. 
The  expression  for  linear  bivariate  interpolation 
in  the  plane  is  given  by 

vR(r,s)  = 

-1—    {(R-Ri)  |(5-5/)ife(i+  1,/+1) 

+  (Ri+]  -R)   U8-8j)vR  (/,/+  1) 
+  («/+i-5)Jfe('.»l}   >  (22) 


Vp(i  +  I,j) 


FIG.  3   Radar  sampling  grid  for  estimation  of  radial  velocity  at  common  r,  s  gnd  points  in  a  plane. 
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where  R  =  \_  r2  +  (s  -  s0)2  ]  Vl  is  the  slant 
range,  AR  -  /?,-+1  -Rj  is  the  radar  range  gate 
spacing,  and  A5  =  §,-+  -  8j  is  the  azimuthal 
spacing  in  the  plane.  The  indexing  on  vR  refers 
to  the  measurement  locations  shown  in  Fig.  3. 
Equation  (22)  is  also  tht  general  expression  for 
linear  interpolation  of  any  radar -measured  field 
quantity  to  common  grid  points  in  the  plane. 


Continuity  equation  and  the  air-motion 
component  normal  to  the  plane 

The  third  component  of  air  motion,  ua^ 
normal  to  the  plane  is  obtained  by  integrating 
the  mass  continuity  equation  for  an  incom- 
pressible fluid  (nondivergent,  three-dimensional 
flow).  In  cylindrical  coordinates  the  divergence 
of  the  vector  air  motion,  u,  is  then 


V  •  u  = 


r    or  os         r     da 


(23) 


for  %  +  l  >  ak  and  where 


dvc 


diva  v  = 


(rvr)  +  

or  ds 


=  0. 


is  the  two-dimensional  divergence  of  the 
two-dimensional  particle  velocity,  (20)  and 
(21),  in  the  plane.  When  the  lowest  plane  is  at 
ground  level  and  the  ground  is  horizontal,  the 
lower  boundary  condition  requires  ua 
—  w  —  0.  If  the  lower  bound  of  the 
summation  does  not  coincide  with  the  ground, 
or  if  the  ground  is  not  level,  the  ua  component 
need  not  be  zero  and  consequently  must  be 
specified  independently  of  the  radar-derived 
quantities.  Furthermore,  Eq.  (24)  requires  that 
the  vr,  vs,  and  vt  fields  be  stationary  for  the 
scan  time  of  n  planes.  For  reasonable  scan  times 
this  amounts  to  perhaps  1-2  min.  The 
two-dimensional  divergence  can  be  estimated 
by  centered  finite  differences  computed  from 
four  adjacent  interpolation  cells  in  a  plane.  For 
example,  to  determine  the  divergence  at  the 
point  (r,-,  si)  in  Fig.  4,  we  write 


Combining  Eq.  (23)  with  (16)  and  (17),  the       dlva  v^> 
a-component  of  air  motion  at  the  nth  plane 


becomes 


n-\ 


ua  (a„) «  ua  (a0 )  -  r      >         (ak  +  ,  -ak) 


J_ 

2A 


/-/+1  vr  0+1,/)  -  r,_i  vr(i-l,  j) 


+    v,(/,/+l)  -  vs  (/,/-! 


•]■ 


(25) 


(diva  \)k  +  (diva  v)k 


+  1 


n    1 

E 

A=0 


sin  a        (rvt)\       +        sin  a       {rvt)\ 


(24) 


k+\ 


where  2 A  =  (ri+1  -r,--i)  =  (s/+i  —  S/-i ),  as- 
suming a  square  grid  of  length  A  on  a  side.  Note 
that  Eq.  (25)  differs  from  the  divergence 
estimate  in  Cartesian  coordinates  by  the  factor 
involving  the  distance  away  from  the  baseline. 
This  is  necessary  to  account  for  the  divergence 
of  the  coordinate  system  in  the  r-direction. 

The  mean  particle-fall  velocity  in  Eq.  (24) 
can  be  estimated  by  use  of  a  fall  velocity-radar 
reflectivity  factor  relation.  Many  such  relations 
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vsU,j+i) 


A 


Vr ( i -  I ,  j )  • 


•    Vr  ( i i  +  l . 


-►■  r 


^A 


Vs  ( i ,  j  - 1 ) 


FIG.  4.  Grid   for   centered-differences  estimation  of  the   two-dimensional  divergence  oi   the  two-dimensional 
particle  velocity  in  the  plane. 


exist  in  the  literature  and  are  summarized  in 
Table  1 .  The  radar  reflectivity  factor  Z 
(proportional  to  total  return  power)  is  defined 
as  the  sum  of  the  sixth  power  of  diameters,  D, 
per  unit  volume.  For  Rayleigh  scatterers  (D  -4  X 
the  radar  wavelength,  e.g.,  see  Battan.  1973),  vt 
vs.  Z  relations  can  be  derived  (Rogers,  1 064)  by 
assuming  a  drop-size  distribution  and  a  fall 
speed-diameter  relation  and  converting  these  to 
a  theoretical  velocity  spectrum  al  vertical 
incidence.  In  the  absence  of  vertical  air  motion 


the  mean  of  this  spectrum  is  related  to  Z.  If  any 
vertical  air  motion  is  present,  the  difference 
between  the  theoretical  and  measured  Dopplei 
mean  velocity  is  this  motion.  Although  the 
incremental  return  power  in  any  particular 
velocity  interval  is  not  uniquely  related  to  size 
at  other  than  vertical  incidence,  the  total  return 
power  is  still  related  to  particle  sizes.  The  mean 
fall  speed-reflectivity  factor  relation  is  therefore 
still  a  useful  approximation.  This  relationship 
holds  independently  of   the   Doppler  measure- 


Various  A  \'cj. 
I  (il in  v, 


TABLfc  1 


I  all  Speed-Radar  Reflectivity  Factor  Relations  of  the 
-al    (  Units  of  rr  are  m  sec"1  for  Z  in  mm6  rn  3 ) 


Precipitation  type 

Stratiform  rain 
Thunderstorm  rain 
Widespread  rain 
Rain  (average  of 
seven  storms) 


Source 


a 


b 


Rugeis(1964)  3.8  0.(171 

Sekhon  and  Srivastava  (1971)  4.32  0.052 

Lhermitie(1971)  2.0  0.087 

Joss  and  Waldvogel  (1970)  2.6  0.107 


Uncertainty 
(in  sec'1  ) 


t0.3 
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FIG.  5.  Coplane  grid  at  r,  a  locations  used  in  the  estimation  of  field  values  for  transformation  to  Cartesian 
coordinate  locations. 


ments  and  is  obtainable  in  a  conventional, 
incoherent  radar  system  capable  of  measure- 
ment of  mean  return  power. 

The  first  three  entries  in  Table  1  are  theoret- 
ical expressions  based  on  a  drop-size  distribu- 
tion of  the  form  N(D)  =  N0eaD  (Marshall  and 
Palmer,  1948).  The  fall  velocity-diameter  rela- 
tionship used  in  each  case  was  a  best  fit  to  the 
Gunn  and  Kinzer  (1949)  fall  speed  measure- 
ments. The  Joss-Waldvogel  relation  is  a  best  fit 
by  eye  to  data  from  seven  storms  consisting  of 
widespread,  warm  front,  tropical  shower,  strati- 
form, or  cold  frontal  thunderstorm  rain.  When 
little  is  known  about  the  actual  drop-size 
distribution,  it  is  perhaps  best  to  use  the 
Joss-Waldvogel  empirical  relation.  For  measure- 
ments above  ground  level  the  fall  velocity 
should  be  corrected  for  the  change  in  air 
density.  The  right-hand  side  of  the  vt  vs.  Z 
relation    must    be    multiplied    by    the    factor 

(po/p)0A ,  as  suggested  by  Foote  and  du  Toit 
(1969),  where  p  is  the  air  density  at  the 
observation  point  and  p0  is  the  air  density  at 
ground  level. 


Interpolation  to  Cartesian  components 

Reorganization  of  the  coplane  velocity  data 
into  Cartesian  coordinates  requires  an  inter- 
polation of  this  data  and  a  conversion  to 
Cartesian  components.  Linear  bivariate  inter- 
polation in  the  xz -plane  for  any  field  value  Fat 
location  x,  z  (see  Fig.  5)  can  be  written  as 

F  (x,  z)  =  -J—    (r  -n)  \  (a/+  r  a)  F(i+\ ,/) 

+  (or  ttj)  F  (/+ 1  ,/+l)J  +  (n+ 1  -r)  |(a/+ 1  -  a)  F  (/,/) 

+  (ora0F  (7,/+l)J     ,  (26) 

where  Ar  Aa  =  fa+l  ~  n)  (a/+i«-a/),  r  = 
(x2+z2)  1/2  and  a  =  tan-1  {z/x).  Interpolation  in 
the  _y-direction  is  not  needed  since  data  are 
already  at  these  grid  locations.  Equation  (26)  is 
applied  to  each  of  the  coplane  components 
which  are  then  transformed  according  to  (13), 
(14),  and  (15).  Any  other  transformations  such 
as    a    reorienting    of   coordinates    along   and 
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perpendicular  to  the  mean  horizontal  flow  are 
easily  done  at  tlus  point. 


Errors  in  the  air  motion  estimates 

The  variance  a  OV)  ot  the  estimated  mean 
radial  velocin  derived  from  the  Doppler  velo- 
city spectrum  is  a  I  unction  ot  the  variance  a 
o\  the  spectrum,  signal  dwell  tunc  \T(A  is  the 
number  ot  time  series  samples  and  7^  is  the 
repetition  period  of  the  radar),  radar  wave- 
length X.  and  signal-to-noise  power  ratio  SNR. 
This  variance  has  been  shown  to  lie  (I  hermit te 
and  Miller.  1970) 


I  I'D  ) 


4AT 


SNR 


+   - 


SNR' 


(27) 


Equation  (27)  is  based  on  the  assumption  that 
the  spectrum  is  a  colored  spectrum  from  a 
Gaussian  process  contaminated  b\  additive 
white  noise.  The  spectral  width  must  be  smaller 
than  the  total  unambiguous  velocity  range 
(folding  at  the  Nyquist  velocity  \\  =X/4Tdue 
to  sampling  at  a  rate  of  1/7*). 

The  variance  oi  the  Doppler  spectrum  con- 
sists o\'  several  independent  components  that 
depend  on  the  meteorological  conditions  and 
on  the  parameters  of  the  radar  system.  The 
variance  can  be  expressed  as 


2  +  CT42  +  O]2  +  Os2  +  op2 


where  or2  is  the  variance  resulting  from  the 
finite  width  ol  the  radar  beam,  o.\  2  is  the 
contribution  due  to  antenna  rotation  during  the 
dwell  time,  oj2  is  the  contribution  from 
turbulent  motions  at  scales  smaller  than  the 
dimensions  of  the  pulse  volume,  as2  is  the 
spectral  broadening  resulting  from  wind  shear, 
and  Of)2  is  the  variance  caused  by  the  distribu- 
tion of  particle  fall  velocities  due  to  their  si/e 
distribution.  At  low  elevation  angles.  Of2  and 
as2  are  the  major  contributors  to  a2 .  Typical 


values  o\  the  Doppler  variance  range  from 
about  0.05  m2  sec""2  for  snow  or  chat  t  targets 
in  weak  shear  (<  1  0~4  sec"1  )  to  more  than  9  nr 
sec"2  for  ram  in  convective  storms  having 
moderate  shear  (>  lCT3  sec"1  ).  Using  Eq.  (27). 
typical  values  ot  n2  ( vg  )  range  from  0.01  to  0.2 
m2  sec"2  for  a  1/8  sec  dwell  time  and  a  SNR 
exceeding  10  dB. 

Assuming  thai  the  random  errors  associated 
with  the  radar  measurements  at  adjacent  grid 
points  are  uncorrected,  the  variance  ot  vr  at  r, 
s  from  interpolation  is  from  (22) 

On  ( rR  )    = 


a'  [rR 


A*   A 


^     Lfi-/?,)2    +   (Ri+l  -Rf~\ 
J  (6  -6,-)2    +  (5/+1   -6)2 1 


28) 


where  all  the  variances  at  the  radar  measure- 
ment grid  points  are  assumed  to  be  equal.  The 
variance  of  the  radial  velocity  estimate  has  a 
value  of  0.25  if  r,  s  is  in  the  middle  of  the  radar 
measurement  grid  and  a  value  of  1 .0  at  a 
sampling  location.  Since  all  values  of  R,  b  are 
equally  likely  to  occur,  the  expected  value  ot 
the  variance  is  the  area  average  of  4/9  o2  (v/j ). 
The  variances  of  the  vr  and  vs  components 
are,  from  (20)  and  (21  ). 


a2  (ry)  =   a2  (vR) 


)2    +  R\  (s-d)2~\ 
9r2d2  J 


<r  (v.) 


0  ™  [— —\ 


(29) 


(30) 


Lines  of  constant  normalized  variance  for  the  vr 
and    i's    components    are    shown    in    Fig.    6. 
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FIG.  6.  Contours  of  constant  normalized  variances   [o2(vr)/o2  (vr)  and  o2(vs)/o2(vr)]   for  coplane  particle 
velocity  components. 
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FIG.  7    Region  ol 
than  a  constant. 


iplane  scanning  where  the  sum  ol  the  normalized  variances  of  enplane  components  is  less 


Equations  (21-')  and  (3U)  result  when  the  ran- 
dom errors  in  the  two  radial-velocity  estimates, 
rji  I  and  vr2i  aic  assumed  to  be  uneorrelated 
and  equal.  The  latter  assumption  is  true  so  long 
as  the  variance  ot  the  Doppler  spectrum  is 
independent  ot  viewing  direction.  Significant 
wind  shear  across  the  radar  beams  negates  tins 
assumption  anil  introduces  a  eovariance  term 
between  r^i  and  i'#  ?  ■  This  eovariance  is  a 
result  of  the  relation  between  the  variance  of 
the  mean  velocity  estimate  and  the  variance  ot 
the  Dopplei  spectrum  in  (27).  The  sum  of  Eqs. 
( 2*-')  and  (30)  can  be  used  as  a  criteria  for 
specifying  the  plane  scan  area  where  reasonable 
estimates  ot  r,  and  i\  are  obtained.  These 
regions  are  shown  in  Fig.  7.  Data  for  dual 
Doppler  analysis  aie  acquired  in  the  region  a2 
Oy)  +  o2  (i s)  <  16/9  a2  (\>r).  In  this  region, 
the  angle  between  the  two  iadar  beam  axes  is 
between  4>  and  I  35°. 
Numerical    integration    of   (24)    results    in   a 


variance  ( see  Fig.  <S)  of 


o'  (<%,> 


H  A<^    R\    A  2 

'hi2  A2 


o*  (vR) 


(31 


tor  the  c-conipoiieiu  at  the  mh  plane.  I  lie 
quantity  A^  is  the  coplane  tilt  angle  increment 
assumed  to  be  the  same  between  successive 
planes.  Since  values  of  iy  and  rv  from  the  same 
grid  location  are  not  used  in  the  centered  finite 
difference  technique  ol  estimating  divergence 
(25).  there  are  no  eovariance  terms  involving  iy 
and  i\  in  the  variance  of  ua.  Note  that  the  vari- 
ance of  the  velocity  estimate  derived  from  the 
continuity  equation  increases  with  each  plane 
used  m  tile  summation.  Furthermore,  the  ex- 
pected values  of  the  errors  of  all  coplane  velocity 
components  are  zero  since  we  have  assumed  that 
there  are  no  systematic  errors.  Equation  (31) 
neglects  the   variance   contribution  due  to  fall 
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FIG.  8  Contours  of  constant  normalized  variance   [k2  o2  (uan)ln&  a02(vR)  where  k  =  &/d]  of  the  air  motion 
component  normal  to  the  plane  at  tilt  angle  an. 


velocity  since  the  sine-squared  weighting  at 
most  angles  (<  15°)  of  interest  will  make  o2 
(vt)  sin2  a  <  o2  (vR).  The  same  is  true  for  the 
variance  of  the  air  motion  ur  in  Eq.  (16)  so  that 
(29)  and  (30)  are  approximately  the  variances 
of  air  motions  in  the  plane. 

Finally,  we  note  that,  although  the  random 
errors  in  the  vR  estimates  are  assumed  to  be 
uncorrelated  at  adjacent  measurement  points 
and  vr  i  and  vR  2  are  also  assumed  uncorrelated 
at  the  same  point,  the  random  errors  in  the  vr 
and  vs  estimates  are  correlated.  This  is  a 
consequence  of  their  being  derived  from  the 
same  radar  measurements,  see  Eqs.  (20)  and 
(21).  The  random  errors  in  vr  (and  vs)  may  or 
may  not  be  partially  correlated  at  adjacent  r,  s 
grid  points  depending  on  whether  or  not  the 
same  measured  values  of  vR  are  used  in  the 
interpolation  [Eq.  (22)]  of  the  radial  velocity 
fields  to  common  grid  points.  This  correlation 
can    be    neglected    if    the    interpolation    and 


measurement  spacings  are  comparable.  Before 
transforming  the  coplane  velocity  components 
to  Cartesian  components,  the  coplane  com- 
ponents are  interpolated  to  Cartesian  grid 
points  according  to  Eq.  (26).  This  results  in  a 
smoothing  and  subsequent  reduction  in  the 
variances.  Since  all  values  of  x,  z  are  equally 
likely  to  occur,  the  expected  value  of  the 
variance  is  the  area  average  leading  to  a  reduc- 
tion in  the  variance  by  a  factor  of  4/9. 
Therefore,  the  variances  of  the  Cartesian  veloc- 
ity components  at  Cartesian  grid  points  are 

o2  (u)  *  ±o2  (vr)  cos2  a  +  a2  (ua)  sin2  a,  (32) 


a2(v)^f-o2(vs), 


(33) 


a2  (w)  «  4-  a2  (vr)  sin2  a  +  a2  (ua)  cos2  a,  (34) 


where  a  is  the  tilt  angle  through  the  x,  z  grid 
point. 


172 


WIND  VELOCITIES  BY  TWO  DOPPLER  RADARS 


FIG.  8  Contours  of  constant  normalized  variance   |A :2  a2  U<Q/!)/«A  ^o2  (vr)  where  k  =  A/d]  of  the  air  motion 
component  normal  to  the  plane  at  tilt  angle  a/;. 


velocity  since  the  sine-squared  weighting  at 
most  angles  (<  15°)  of  interest  will  make  a2 
(vr)  sin2  a.  <  o2  (vr).  The  same  is  true  for  the 
variance  of  the  air  motion  ur  in  Eq.  ( 16)  so  that 
(29)  and  (30)  are  approximately  the  variances 
of  air  motions  in  the  plane. 

Finally,  we  note  [hat,  although  the  laudonj 
errors  in  the  vR  estimates  are  assumed  to  be 
uncorrelated  at  adjacent  measurement  points 
and  vr  i  and  Vr  2  are  also  assumed  uncorrelated 
at  the  same  point,  the  random  errors  in  the  ly 
and  rs  estimates  are  correlated.  This  is  a 
consequence  of  their  being  derived  from  the 
same  radar  measurements,  see  Eqs.  (20)  and 
(21 ).  The  random  errors  in  vr  (and  vs)  may  or 
may  not  be  partially  correlated  at  adjacent  r,  s 
grid  points  depending  on  whether  or  not  the 
same  measured  values  of  vR  are  tised  in  the 
interpolation  [Eq.  (22)]  of  the  radial  velocity 
fields  to  common  grid  points.  This  correlation 
ran     hp     neplecred     if    the     interpolation    and 


measurement  spacings  are  comparable.  Befon 
transforming  the  coplane  velocity  component 
to  Cartesian  components,  the  coplane  com 
ponents  are  interpolated  to  Cartesian  grit 
points  according  to  Eq.  (26).  This  results  in  ; 
smoothing  and  subsequent  reduction  in  th 
variances.  Since  all  values  of  ,v,  z  are  equal!; 
likely  to  occur,  the  expected  value  of  th 
variance  is  the  area  average  leading  to  a  reduc 
tion  in  the  variance  by  a  factor  of  4/9 
Therefore,  the  variances  of  the  Cartesian  veloc 
ity  components  at  Cartesian  grid  points  are 

a2  (it)  *  |V  (iy)  cos2  a  +  a2  (ua)  sin2  a.  (32 


a2(r)  ^a2  (vs) 


(33 


°2  W  *  fa2  (vr) sm2  o.+  o2  (ua)  cos2  a,  (34 


where  a  is  the  tilt  angle  through  the  x,  z  grii 
point. 
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Z=  300  m 


Z  =  700  m 


FIG.  10.  Horizontal  sections  of  air  motion  after  subtraction  of  the  mean  flow  in  the  lowest  kilometer.  The 
positive  x-axis  points  in  the  direction  of  the  mean  flow. 


Two  horizontal  cross  sections  of  the  spatial 
deviations  from  the  mean  flow  are  depicted  in 
Fig.  10.  These  planes  were  at  levels  above  the 
ground  of  300  and  700  m.  The  mean  flow  is 
toward  the  positive  x-direction.  At  the  300-m 
level  there  is  an  anticyclonic  vortex  upwind  of 
the  strong  convergence  zone.  This  convergence 
zone  is  shifted  upwind  at  700  m.  The  yz 
vertical  cross  sections  shown  in  Fig.  1 1  are 
oriented  normal  to  the  mean  flow  and  the  xz 
vertical  cross  sections  in  Fig.  12  are  oriented 
along  the  mean  flow.  Using  the  results  from  the 


previous  section,  we  can  estimate  the  maximum 
values  of  the  variances  of  the  wind  field 
components.  The  variance  of  the  estimate  of 
the  mean  radial  velocity  is  about  0.02  m2  sec-2 , 
and  the  plane  angles  used  were  less  than  15°  so 
that 


and 


a2  (u)  =  a2  00  <  0.01  m2  sec" 


a2  (w)  <  0.15  m2  sec-2. 


X=  4  5  km 


FIG.  1 1 .  Air  motion  in  vertical  planes  oriented  normal  to  the  mean  flow  after  subtraction  of  the  mean. 
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Y=  I  5  km 


Y  =  4  5  km 


FIG.  1  2.    Air  motion  in  vertical  planes  along  the  mean  How. 


Summary  and  concluding  remarks 

This  paper  has  presented  the  COPLAN  scan- 
ning and  data  reduction  technique.  The  major 
assumptions  implicit  in  the  method  are  the 
following: 

(a)  Precipitating  particles  are  tracers  of  the 
mean  air  motion. 

(b)  The  reflectivity-weighted  mean  of  the 
Doppler  velocity  spectrum  represents  the  sum 
of  the  radial  components  of  mean  air  motion 
and  mean  particle-tall  velocity.- 

(c)  Particle-tall  speeds  can  be  estimated  from 
the  measured  radar  reflectivity  factor  with 
sufficient  accuracy  for  the  eoplane  angles  used. 

(d)  Linear  interpolations  of  measured  values 
to  common  grid  points  are  valid. 

(e)  The  mass  continuity  equation  for  an 
incompressible  atmosphere  is  applicable  at  the 
scale  sizes  and  heights  observed  by  the  radar. 

(I)  The  velocity  fields  are  stationary  tor  the 
scan  time  o(  a  series  of  n  (~  10-15)  planes. 

(g)  The  earth  is  assumed  to  be  flat  for  the 
ranges  (<  40-50  km)  covered  by  the  two  radars. 

The    preliminary    results    obtained    in    snow 


clearly  demonstrate  the  potential  of  this 
method  applied  to  dual-Doppler  observations  o\' 
atmospheric  motion.  No  other  technique  pres- 
ently exists  whereby  the  meterologist  and  the 
atmospheric  scientist  can  obtain  such  a  com- 
plete and  detailed  picture  of  the  spatial  and 
temporal  behavior  of  the  air  motion. 

Compared  to  conventional  radar-scanning 
methods,  COPLAN  scanning  provides  a  more 
systematic  and  natural  means  of  acquiring  and 
reducing  Doppler  radar  measurements  of  atmos- 
pheric motions.  Short-duration  scans  of  a  single 
plane  can  be  repeated  at  relatively  long  intervals 
thereby  leading  to  a  better  assessment  of  the 
true  temporal  behavior  of  the  circulation. 
Furthermore,  interpolation  schemes  are  simple 
two-dimensional  rather  than  more  involved 
four-dimensional  ones  thereby  greatly  simpli- 
fying the  data  reduction. 
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FM-CW  BOUNDARY  LAYER  RADAR  WITH  DOPPLER  CAPABILITY 


R.  G.  Strauch,  W.  C.  Campbell, 
K.  P.  Moran,  and  R.  B.  Chadwick 


A  high  resolution  FM-CW  microwave  boundary  layer  radar  has  been  equipped 
with  Doppler  processing.  The  Doppler  velocity  spectrum  is  obtained  from  each 
range  resolution  cell  by  computing  the  power  spectrum  of  the  signal  obtained 
from  a  sequence  of  consecutive  sweeps.  Target  range  is  measured  from  the 
signal  frequency  by  the  usual  FM-CW  analysis  techniques.  Target  velocity  is 
obtained  from  a  measurement  of  the  signal  phase  in  each  sweep.  The  velocity 
spectrum  of  meteorological  (distributed)  targets  can  be  measured  whereas 
previously  only  the  mean  velocity  of  point  targets  could  be  obtained  from 
this  type  of  radar.  Results  obtained  with  snow  tracers  using  a  variety  of 
sweep  parameters  demonstrate  that  the  Doppler  spectrum  is  easily  obtained 
by  a  microwave  FM-CW  radar  for  altitudes  below  2  km. 
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METEOROLOGICAL  APPLICATIONS  OF  THE  FM  DOPPLER  RADAR 
R.  G.  Strauch,  W.  C.  Campbell,  R.  B.  Chadwick,  and  K.  P.  Moran 


Microwave  FM-CW  radars  have  been  used  for  about  5  years  to  monitor  the 
structure  of  atmospheric  regions  with  large  refractive-index  fluctuations. 
We  have  recently  devised  a  scheme  that  retrieves  the  Doppler  velocity  spec- 
trum for  each  range  resolution  cell  measured  by  an  FM  radar.  In  this  paper 
we  report  initial  results  of  meteorological  measurements  with  this  new  capa- 
bility and  discuss  its  potential  in  remote  sensing  of  the  boundary  layer. 
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DETECTING  TORNADIC  STORMS  BY  THE  BURST  RATE  NATURE 
OF  ELECTROMAGNETIC  SIGNALS  THEY  PRODUCE 

William  L.  Taylor 

NOAA/ERL 

Wave  Propagation  Laboratory 

Boulder,  Colorado 


1. 


INTRODUCTION 


OMNIDIRECTIONAL  DETECTOR 


The  development  of  an  electromagnetic 
technique  suitable  for  tornado  detection  was 
undertaken  several  years  ago  in  the  Wave  Propaga- 
tion Laboratory.   Initial  observations  were  made 
by  Taylor  (1972)  during  the  1969-1971  tornado 
seasons  in   cooperation  with  the  National  Severe 
Storms  Laboratory.   The  results  of  this  earlier 
work  indicate:  1)  that  tornadic  storms  are  gener- 
ally associated  with  peculiar  electrical  activity 
characterized  by  many  bursts  of  high  sferic  rates, 
2)  that  the  enhancement  in  burst  rates  is  easily 
recognized  only  at  observing  frequencies  above 
about  1  MHz,  and  3)  that  the  source  of  the  sfer- 
ics  is  not  necessarily  closely  related  to  the 
tornado  vortex  (Taylor,  1973a).   Sf erics  are 
electromagnetic  signals  from  lightning  which 
occur  in  groups  or  packets  called  bursts  of  a  few 
hundred  milliseconds  duration.   It  was  further 
concluded  that  the  overall  level  of  sferic  activ- 
ity, i.e.,  the  manifestation  of  lightning  activ- 
ity, is  closely  related  to  the  severity  of  a 
thunderstorm,  which  is  in  general  agreement  with 
the  work  of  Hughes  and  Pybus  (1970),  Jones  (1965), 
Lind  et  al.  (1972),  Scouten  et  al.  (1972),  Sil- 
berg  (1965),  and  Stanford  et  al.  (1971). 

Preliminary  results  using  burst-rate 
measurements  to  detect  tornadic  conditions  have 
been  reported  by  Taylor  (1973b).   These  results 
showed  that  thunderstorms,  as  expected,  produce 
the  lowest  burst  rate,  with  hail,  wind,  and 
funnel  clouds  producing,  in  that  order,  increas- 
ing burst  rates.   Tornadic  conditions  were  gener- 
ally associated  with  a  marked  increased  in  burst 
rate  relative  to  other  severe  storms,   with  aver- 
age values  in  excess  of  20  bursts  per  minute. 
It  was  concluded  that  most,  but  not  all,  tornadic 
conditions  were  associated  with  high  burst  rates; 
actually  about  3  out  of  A  tornadoes  gave  burst 
rates  above  20  per  minute.   But  a  few  severe 
storms,  as  well  as  some  nonsevere  thunderstorms, 
also  have  burst  rates  comparable  to  those  asso- 
ciated with  tornadic  storms  so  that  the  "false 
alarm"  rate  was  about  8  in  10. 

This  report  will  give  a  brief  descrip- 
tion of  the  electromagnetic  detection  equipment 
used  during  the  1972  and  1973  tornado  seasons, 
show  an  example  of  a  nominal  equipment  response 
during  the  period  of  a  tornado,  present  results 
of  the  1972  and  1973  observations,  and  give  a 
preliminary  view  of  the  1974  observations. 
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Fifteen  of  these  instruments,  called 
omnidirectional  tornadic  storm  detectors,  were 
constructed.   For  the  1972  tornado  season,  Febru- 
ary through  August,  these  units  were  installed 
mostly  at  university  and  college  facilities  with- 
in or  near  "tornado  alley".   Amplitude  threshold 
levels  were  adjusted  to  5  V/m  and  2  V/m,  corre- 
sponding to  nominal  sferic  amplitudes  expected  at 
ranges  of  30  km  and  70  km.   For  the  1973  tornado 
season,  the  units  were  installed  mostly  at 
National  Weather  Service  Offices  in  the  same  gen- 
eral area  covered  by  the  1972  observations.   We 
increased  the  threshold  levels  to  7  V/m  and  3  V/m 
during  the  1973  season  in  an  effort  to  reduce  the 
number  of  "false  alarms"  relative  to  those  ob- 
served during  the  previous  year. 


3. 


3.1 


ANALYSIS  AND  RESULTS 


Typical  Detector  Response 


A  good  example  of  how  a  detector  re- 
sponds during  typical  tornadic  conditions  is 
shown  in  Figure  1.   This  record  was  obtained  from 
the  detector  at  the  Oklahoma  City  National  Wea- 
ther Service  Office  at  the  Will  Rogers  World 
Airport  during  the  period  of  the  Union  City, 
Oklahoma  tornado  on  May  24 ,  1973.   The  number  of 
bursts  per  minute  during  a  2-hour  period  is  shown 
for  the  70-km  nominal-range  threshold  of  3  V/m 
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Figure   1.      Detector  responses  during 
Union  City   tornado. 


and  the  30-km  nominal-range  threshold  of  7  V/m. 
The  time  this  tornado  was  observed  on  the  ground 
is  also  indicated.* 

Figure  1  shows  that  sferics  exceeding 
the  70-km  threshold  produced  burst  rates  greater 
than  3  per  minute  between  1510  and  1652  CST.   (At 
no  time  during  the  24  hours  preceding  and  follow- 
ing this  period  was  the  minimum  detector  response 
burst  rate  of  3  per  minute  exceeded.)   Beginning 
about  1520  CST  the  burst  rate  increased  rather 
rapidly  and  exceeded  30  per  minute  at  1533  CST. 
The  burst  rate  greater  than  20  per  minute,  pre- 
sumed to  be  indicative  of  tornado  activity  (Tay- 
lor, 1973b),  was  attained  at  1529  CST,  about  9 
minutes  before  the  tornado  touched  down.   The 
burst  remained  above  this  20  per  minute  "warning 
level"  until  1625  CST.   Very  little  activity  was 
observed  on  the  30  km  threshold  records.   The 
burst  rate  exceeded  3  per  minute  between  about 
1537  and  1622,  but  only  for  a  brief  2-minute  pe- 
riod around  1606  was  the  burst  rate  greater  than 
10  per  minute. 

The  initial  touch-down  point  of  this 
tornado  was  about  AO  km  due  west  of  our  detector. 
The  movement  was  toward  the  east-southeast, 
through  Union  City,  and  the  tornado  dissipated  at 
a  range  of  about  28  km.   Figure  1  shows  clearly 
that  the  sources  of  the  bursts  were  within  70  km 
but  greater  than  30  km,  since  the  burst  rate  for 
the  30-km  threshold  level  was  less  than  3  per  min- 
ute until  after  the  tornado  had  formed,  and  the 
70-km  threshold  level  had  indicated  a  burst  rate 
exceeding  30  per  minute.   As  the  tornado  moved 
closer  to  our  detector  there  was  a  tendency  for 
the  burst  rate  of  the  30-km  channel  to  increase, 
and  it  actually  did  attain  a  burst  rate  between 
10  and  20  per  minute  just  after  1600.   However, 
there  were  insufficient  sources  of  electrical 
activity  within  the  30  km  range  to  produce  a  burst 
rate  greater  than  20  per  minute. 

As  the  parent  storm  of  this  tornado 
continued  to  move  closer  to  our  detector,  the 
burst  rate  continued  to  decrease,  which  indicated 
the  enhanced  electrical  activity  diminished 
rather  rapidly  shortly  after  the  tornado  dissi- 
pated . 


Analysis  of  the  1972  and  1973  data  con- 
sisted of  correlating  the  equipment  responses  1) 
with  the  reports  of  thunderstorm  activity  from 
each  National  Weather  Service  Office  where  the 
equipment  was  located,  2)  with  the  Severe  Local 
Storms  (SELS)  Log  from  the  National  Severe  Storms 
Forecast  Center  in  Kansas  City,  and  3)  with  the 
Storm  Data  publications.   An  equipment  response 
occurred  when  the  burst  rate  exceeded  3  per  minute. 
Verifications  of  selected  weather  conditions  were 
also  requested  of  the  National  Weather  Service  and 
subsequent  corrections  to  the  above  reports  were 
made. 

Within  the  nominal  70  km  range  of  the 
low  threshold  level,  509  electromagnetic  equipment 
responses  were  recorded  in  1973  compared  with  542 
during  1972.   (The  values  for  the  1972  season  will 
be  shown  in  parentheses  for  comparison.)   Only  126 
(225)  of  these  responses  corresponded  to  burst 
rates  in  excess  of  20  per  minute,  which  was  pre- 
sumed to  be  indicative  of  tornadic  activity. 
Table  I  summarizes  the  1973  (1972)  results  of  the 
3  V/m  (2  V/m)  low  threshold  level  for  activity 
within  70-km  range.   The  difficulties  of  obtaining 
reliable  severe  weather  observations  should  be 
noted.   For  example,  a  "funnel"  report  may  in  fact 
have  been  a  tornado  which  touched  down  without 
being  observed,  or  a  wind,  hail,  or  thunderstorm 
condition  may  have  contained  tornadic  activity 
during  the  equipment  response  period  although  none 
was  reported.   Likewise,  a  tornado  may  not  have 
actually  existed  during  the  time  of  a  reported 
occurrence.   The  number  of  occurrences  is  the 
actual  number  of  reported  storm  conditions  within 
the  nominal  range  for  each  threshold.   The  "no 
reports"  storm  condition  was  included  to  show  the 
number  of  occurrences  when  the  equipment  indicated 
a  burst  rate  greater  than  3  per  minute  during 
periods  of  no  reported  storm  activity  within 
range.   These  no-report  occurrences  were  produced 
probably  by  actual  storms  that  were  not  reported, 
by  local   interference,  or  by  equipment  malfunc- 
tion. 


Table  I 

TORNADIC  STORM  DETECTOR  DATA   FOR    1973  AND   (1972) 
LOW  THRESHOLD  LEVEL    -    RANGE   <   70   km 


STORM 
CONDITION 

NUMBER  OF 
OCCURRENCES 

NUMBER 
>  20/MIN 

PERCENT 
5  20/MIN 

TORNADO 

44   (41) 

36  (34) 

82   (83) 

FUNNEL 

70   (30) 

11  (15) 

16   (50) 

WIND 

63   (60) 

16  (24) 

25   (40) 

HAIL 

39   ( 54 ) 

10  (26) 

26   (48) 

THUNDERSTORM 

3461  (2738) 

49  (121) 

1.4  (4.4) 

NO  REPORTS 

62   (41) 

4   (5) 
126  (225) 

6.5  (12) 

TOTALS 

3739  (2964) 

3.4  (7.6) 

*Joseph  H.    Golden,    private   communication. 
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Another  set  of  data  from  the  high  thres- 
hold level  corresponding  to  a  nominal  range  of  30 
km  is  summarized  in  Table  II.   There  were  183(238) 
equipment  responses  recorded  during  the  year  for 
this  level,  and  25(58)  of  these  responses  exceeded 
a  burst  rate  of  20  per  minute. 


Table  II 


T0RNAD1C  STORM  DETECTOR  OATA  FOR  1973  AND  (1972) 
HIGH  THRESHOLD  LEVEL  -  RANGE  <  30  km 


STORM 
CONDITION 

NUMBER  OF 
OCCURRENCES 

NUMBER 
J  20/MIN 

PERCENT 
>     20/MIN 

TORNADO 

15        (15) 

9      (11) 

60        (73) 

FUNNEL 

43        (10) 

1        (4) 

2.3   (40) 

WIND 

45        (20) 

4        (4) 

8.9   (20) 

HAIL 

26        (23) 

3        (6) 

11       (26), 

THUNDERSTORM 

641      (507) 

7      (33) 

1.1   (6.5) 

NO  REPORTS 

12        (10) 

1        (0) 
25     (58) 

8.3     (0) 

TOTALS 

782     (585) 

3.2  (9.9) 

The  percentage  of  reported  tornadoes  re- 
sulting in  an  observed  burst  rate  exceeding  20  per 
minute  was  slightly  lower  in  1973,  but  not  signif- 
icantly so.   There  was  a  noticable  reduction  in 
the  percentage  of  other  severe  storms  that  pro- 
duced burst  rates  above  20  per  minute.   The  per- 
centage of  thunderstorms  associated  with  more  than 
20  bursts  per  minute  was  substantially  reduced. 

Although  only  slightly  fewer  equipment 
responses  were  observed  in  1973  relative  to  1972, 
there  were  substantially  fewer  periods  when  the 
burst  rate  exceeded  20  per  minute.   The  primary 
reason  for  this  reduction  in  the  occurrence  of 
high-burst-rate  periods  is  that  the  threshold 
level  was  set  higher  in  1973,  in  an  effort  to  re- 
duce the  high  false  alarm  rate  caused  primarily  by 
local  thunderstorms.   This  was  quite  successful, 
because  the  number  of  tornadoes  attaining  the 
warning  level  of  greater  than  20  bursts  per  minute 
(combining  Tables  I  and  II)  remained  identical  at 
45,  while  the  number  of  false  alarms  dropped  by 
more  than  a  factor  of  two  (from  238  to  106).   The 
overall  false  alarm  rate  consequently  dropped  from 
about  8'-s  in  10  to  only  7  in  10. 

The  effect  of  changing  the  threshold 
level  is  readily  apparent  upon  viewing  the  cumu- 
lative distributions  shown  in  Figures  2  and  3. 
These  figures  present  the  number  of  occurrences 
for  which  the  burst  rates  exceeded  the  indicated 
values  of  3,  10,  20,  and  30  bursts  per  minute. 
The  number  of  occurrences  shown  at  the  zero  burst 
rate  value  is  the  total  number  of  reported  weather 
conditions  within  the  particular  observational 
range.   Note  1)  the  rapid  decrease  in  the  number 
of  thunderstorms  indicated  as  the  burst  rate 
increases,  2)  the  slow  decrease  in  the  number  of 


tornadoes  as  the  burst  rate  increases,  and  3)  a 
generally  intermediate  decrease  with  burst  rate 
for  other  severe  storms. 

Figure  2  shows  the  cumulative  distribu- 
tions for  reported  sources  within  a  range  of  30  km 
only.   The  nominal  amplitude  of  signals  from  these 
storms  was  well  above  the  low  threshold  level,  and 
therefore  a  change  in  threshold  from  2  V/m  to  3 
V/m  should  have  little  or  no  effect  on  the  data. 
Indeed  this  is  substantiated  by  the  similarity  in 
the  distributions  for  each  major  weather  condi- 
tion.  This  similarity  also  indicates  the  burst 
rate  characteristics  of  storms  for  the  two  years 
were  essentially  the  same. 
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Hgure  2.      Cumulative  distributions  for 
sources    less   than   30  km  range 
for   low   threshold. 


The  cumulative  distributions  shown  in 
Figure  3  are  for  all  sources  within  70  km  range. 
Since  the  nominal  amplitude  of  signals  from 
sources  near  70  km  is  in  the  neighborhood  of  2-3 
V/m,  we  would  expect  to  see  some  effect  in  the 
data  upon  changing  the  threshold  level  from  2  V/m 
to  3  V/m.   So  we  see  in  this  figure,  for  1973  data 
(3  V/m)  relative  to  1972  data  (2  V/m),  a  substan- 
tial decrease  in  the  number  of  thunderstorms  and  a 
moderate  decrease  in  the  number  of  other  severe 
storms  that  produced  the  higher  burst  rate  values. 
The  number  of  tornadoes  with  higher  burst  rates 
was  actually  greater  for  1973.   Therefore,  the 
increase  in  threshold  level  during  the  1973  season 
resulted  in  considerably  fewer  false  alarms,  i.e., 
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Figure  3.      Cumulative  distributions  for 
sources   less   than   70  km  range 
for   low  threshold. 


warning  level  burst  rates  exceeding  20  per  minute 
for  nontornadic  storms,  without  adversely  affect- 
ing the  number  of  tornadoes  attaining  the  warning 
level. 

The  data  contained  in  Figures  2  and  3 
are  presented  in  a  different  manner  in  Figures  4 
and  5  to  clarify  some  of  the  sferic  burst  rate 
characteristics.   These  figures  show  the  number 
of  tornadoes,  other  severe  storms,  and  thunder- 
storms reported  within  a  given  range  for  which 
the  tornadic  storm  detectors  recorded  burst  rates 
within  various  intervals.   It  should  be  noted 
that  the  number  of  occurrences  for  tornadoes  and 
other  severe  storms  is  presented  on  a  linear 
scale  while  that  for  thunderstorms  is  on  a  log- 
arithmic scale.   It  should  also  be  noted  that  the 
data  in  Figure  5  were  used  to  compile  Table  I. 

If  we  initially  disregard  the  burst- 
rate  interval  0-3,  which  corresponds  to  weather 
events  with  no  recorded  equipment  responses,  we 
find  a  number  of  interesting  aspects  of  these 
data  by  comparing  the  presentations  for  each  year 
in  both  figures.   Most  noticeable  is  a  rapid 
increase  in  the  number  of  tornadoes  partitioned 
into  each  burst-rate  interval  as  burst  rate 
increases.   Next,  there  is  essentially  no  differ- 
ence in  the  numbers  of  other  severe  storms  ob- 
served in  the  various  burst-rate  intervals.   And 
then,  there  is  a  general  decrease  in  the  number 
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Figure  4.     Number  of  weather  events  partitioned 
into  each  indicated  burst-rate  interval 
for   low  threshold. 
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of  thunderstorms  producing  burst  rates  within  the 
higher  intervals.   No  significant,  systematic 
changes  are  evident  between  1972  and  1973  in  the 
distributions  of  burst  rates  of  the  tornadoes  or 
for  the  other  severe  storms  categories.   However, 
in  the  thunderstorms  category  for  range  less  than 
70  km,  there  is  a  definite  reduction  in  the  number 
of  occurrences  for  1973  relative  to  1972  at  the 
higher  burst  rate  intervals.   This  reduction  was 
brought  about  at  least  in  part  by  an  increase  in 
the  threshold  levels  mentioned  earlier  as  an 
effort  to  reduce  the  number  of  false  alarms. 

The  data  presented  in  Figure  6  contain 
the  same  reported  weather  conditions  as  found  in 
Figure  A,  but  is  an  entirely  different  set  of  data 
since  it  was  obtained  from  the  high  threshold 
levels,  i.e.,  5  V/m  for  1972  and  7  V/m  for  1973. 
Table  II  was  compiled  from  the  data  in  Figure  6. 
Characteristics  of  these  data  are  similar  to  those 
in  Figures  A  and  5  except  that  other  severe  storms 
show  a  general  decrease  in  number  of  occurrences 
as  burst  rate  increases.   For  the  thunderstorm 
category,  a  very  noticeable  reduction  in  numbers 
is  again  observed  in  the  higher  burst  rate  inter- 
vals as  a  result  of  changing  the  threshold  levels. 

Now  when  we  consider  the  0-3  interval,  we 
find  a  consistent  increase  in  the  number  of  occur- 
rences for  1973  relative  to  1972  for  all  weather 
categories  in  Figures  A,  5,  and  6.   This  increase 
is  caused  partially  by  the  reduction  in  the  number 
of  occurrences  at  the  higher  burst  -  rate  intervals 
for  other  severe  storms  and  thunderstorms.   When 
the  general  trend  of  the  number  of  tornadoes  par- 
titioned into  each  burst-rate  interval  is  con- 
sidered, there  is  a  disproportionate  number  in 
the  0-3  interval  for  1973  compared  with  1972. 
This  increased  number  of  "tornadoes"  in  the  0-3 
interval  is  the  primary  cause  of  the  reduced 
percentage  of  tornadoes  producing  an  alarm  burst 
rate  in  1973. 

A.        SECTOR-DIRECTIONAL  DETECTOR 

A  second  generation  tornadic  storm  de- 
tector was  designed  and  installed  at  18  National 
Weather  Service  Offices  during  the  197A  tornado 
season.   These  directional  detectors  operated 
wideband  over  a  frequency  band  extending  from  10 
MHz  to  80  MHz  and  partitioned  the  received  signals 
into  eight  A5°  azimuthal  sectors  at  an  amplitude 
threshold  of  0.5  V/m,  and  into  a  "local"  category 
when  the  amplitude  exceeded  2  V/m.   Each  detector 
indicated  and  recorded  periods  when  the  burst 
rates  in  each  directional  sector  and  in  the  "local' 
region  exceeded  5  per  minute  and  15  per  minute  and 
periods  when  the  burst  rate  was  increasing.   Data 
consisted  of  these  27  channels  plus  a  time  channel. 
A  warning  level  was  reached  when  one  or  more  sec- 
tors indicated  more  than  15  bursts  per  minute. 
For  data  analysis,  an  equipment  response  was  as- 
sociated with  the  storm  condition  reported  at 
that  time  only  if  the  directions  of  the  response 
and  the  storm  corresponded. 


5. 


ANALYSIS  OF  197A  DATA 


A  preliminary  analysis  of  the  197A  data 
was  completed  for  seven  locations  where  both  the 
old  omnidirectional  detector  and  the  new  sector- 
directional  detector  were  operational.   Eleven 
tornadoes  were  reported  within  70  km  of  these 
units.   Warning  level  responses  were  associated 
with  only  6  of  these  on  the  directional  detectors 
and  7  on  the  omnidirectional  units,  corresponding, 
respectively,  to  55  and  6A  percent  of  the  torna- 
does producing  a  warning.   A  total  of  16  alarm- 
level  burst  rates  was  recorded  by  the  direction 
detectors  while  A2  were  recorded  by  the  omnidi- 
rectional units,  resulting,  respectively,  in  62 
and  83  percent  of  the  alarms  being  false. 

It  seems  rather  clear,  even  with  this 
limited  number  of  tornado  occurrences  and  equip- 
ment responses,  that  the  two  detector  systems  re- 
sponded about  equally  to  tornadic  conditions,  but 
the  directional  detector  produced  less  than  one- 
third  the  number  of  false  alarms  observed  on  the 
old  omnidirectional  unit.   It  should  be  remembered 
that  these  are  tentative  figures  and  the  reported 
tornadoes  have  not  been  confirmed.   Consequently, 
the  percentage  of  actual  tornadoes  that  we  deteted 
will  probably  increase  after  clarification  of 
weather  conditons  is  received  from  the  National 
Weather  Service. 


6. 


CONCLUSION 


The  primary  purpose  of  our  efforts  dur- 
ing the  past  few  years  has  been  to  develop  an  ob- 
servational unit  that  will  respond  to  peculiar 
electromagnetic  signals  from  lightning  discharge 
processes  accompanying  tornadic  weather  condi- 
tions.  We  have  examined  the  feasibility  of  using 
sferic  burst-rate  measurements  to  supplement  exist- 
ing National  Weather  Service  capabilities  for  warn- 
ing of  tornadic  conditions.   Ideally,  of  course, 
we  would  like  to  have  a  device  that  would  warn 
of  all  tornadoes  and  give  no  false  alarms.   What 
we  have  found  is  that  many,  but  not  all,  tornadic 
conditions  were  associated  with  high  burst  rates, 
and  that  some  other  severe  storms,  as  well  as 
some  nonsevere  thunderstorms  also  have  burst  rates 
comparable  to  those  associated  with  tornadic  storms. 
Coupled  with  these  difficulties  are  the  problems 
and  limitations  of  obtaining  accurate  weather  in- 
formation, particularly  in  sparsely  populated 
areas.   From  a  practical  point  of  view,  perhaps 
warning  for  75-80  percent  of  the  reported  torna- 
does while  holding  the  false-alarm  rate  to  1  in 
2  or  3  will  be  the  apparent  limit  in  the  accuracy 
of  an  electromagnetic  tornadic  storm  detector. 
If  this  is  the  case,  then  we  have  closely  ap- 
proached that  limit. 
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Early  experience  with  the  new  direc- 
tional detector  led  to  a  couple  of  modifications 
to  the  units  prior  to  activation  for  the  1975 
tornado  season.   First,  the  response  to  burst 
rates  in  each  sector  was  changed  from  5  and  15 
per  minute  to  3  and  12  per  minute,  since  15 
bursts  per  minute  seemed  a  little  too  high  for 
the  tornadic-storm  warning  level.   Second,  the 
presence  of  short-term  electrical  and  electro- 
magnetic interference  was  a  problem  at  some  of 
the  National  Weather  Service  Offices  at  airport 
locations.   A  study  of  the  nature  of  this 
interference  led  us  to  modify  the  detectors  so 
that  burst-rate  activity  was  required  to  per- 
sist for  several  minutes  before  the  unit  re- 
sponded and  thereby  greatly  reduce,  if  not 
eliminate,  the  problems  of  local  interference. 
Data  from  the  early  part  of  the  1975  season 
indicated  these  modifications  were  successful, 
and  we  hope  that  this  year's  observations  will 
show  a  higher  percentage  of  tornadoes  producing 
a  warning-level  burst  rate  while  further  re- 
ducing the  false-alarm  rate. 
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ABSTRACT 

A  one-week  experiment  was  conducted  to  evaluate  a  dual-frequency  microwave  radiometer  for  recov- 
ering low  altitude  temperature  profiles;  the  two-channel  radiometer  operated  at  53.5  and  54.5  GHz. 
Meteorological  support  included  radiosondes,  helicopters,  and  an  instrumented  150  m  tower.  Statistical 
inversion  of  13  radiometer  angular  scan  data  sets  resulted  in  an  average  rms  error  of  20K  up  to  3km 
for  the  microwave  system.  Significant  features  of  thermal  inversion  structure  were  recovered.  A  continuous 
set  of  fixed-angle  brightness  observations  correlated  well  with  temperatures  measured  on  the  tower. 

The  statistical  inversion  method  and  the  Backus-Gilbert  method  were  applied  to  the  analysis  of  the 
accuracy  and  the  spatial  resolution  of  the  ground-based  system.  Model  calculations  were  performed  to 
estimate  the  elTei  ts  of  departures  from  horizontal  stratification  and  of  significant  time  variation  in  tem- 
perature structure  during  an  elevation  scan. 


1.  Introduction 

Ground-based  passive  sensing  of  temperature  profiles 
is  an  increasingly  active  field  of  research  (Westwater, 
1972a;  Snider,  1972;  .Mount  el  al.,  1969;  Waters,  1(>71  ; 
Miner  el  al.,  1972).  In  this  paper  we  present  the  results 
of  a  one-week  experiment  designed  to  evaluate  a  dual- 
frequency  microwave  radiometric  technique  to  retrieve 
thermal  profiles.  Participants  in  this  experiment,  held 
at  White  Sands  Missile  Range  during  the  period  15  1" 
May  1972,  were  the  Wave  Propagation  Laboratory  of 
NOAA  and  the  Atmospheric  Sciences  Laboratory  of 
the  I".  S.  Army  Electronics  Command. 

Brightness  temperatures  were  measured  by  a  two- 
channel  microwave  radiometer  operating  at  53.5  and 
54.5  GHz  in  a  variable  elevation  angle  mode.  Retrieved 
proliles  were  compared  with  direct  soundings  of  tem- 
perature structure  made  by  radiosondes,  helicopter 
tlights,  and  temperature  sensors  located  on  a  150  m 
meteorological  tower.  Particular  emphasis  in  the  experi- 
ment was  placed  on  the  ability  of  the  radiometric 
technique  to  recover  significant  features  of  low-altitude 
proliles,  such  as  the  height  and  intensity  of  ground- 
based  inversions.  In  addition,  it  was  considered  impor- 
tant to  differentiate  between  unstable  and  stable  con- 
ditions by  radiometric  means.  Consequently,  the  times 
at  which  soundings  were  made  were  chosen  to  insure 
that  we  observed  the  transition  from  nocturnal  inver- 
sion to  lapse  conditions  and  vice  versa. 


To  facilitate  the  data  analysis  and  interpretation, 
various  numerical  studies  are  presented.  To  aid  in 
interpreting  profile  retrievals,  we  studied  vertical  resolu- 
tion via  the  Backus-Gilbert  formalism,  and  expected 
error  in  retrieving  via  the  statistical  inversion  method. 
Since  tower  temperature  measurements  occasionally 
indicated  significant  changes  in  the  profile  during  an 
elevation  scan,  we  computed  these  effects  on  the 
brightness  angular  spectrum  for  a  few  models. 

2.  Radiative  transfer 

Passive  remote  sensing  of  atmospheric  profiles  by 
radiometric  techniques  requires  a  functional  relation- 
ship between  measurements  of  radiant  power  and  de- 
sired profile  parameters.  This  relationship  usually  re- 
quires the  solution  of. two  problems  in  radiative  transfer : 
(i)  the  direct  problem ;  i.e.,  given  the  state  of  the  atmo- 
sphere (temperature  and  composition  profiles,  etc), 
what  is  the  radiant  power?,  and  (ii)  the  indirect 
problem;  i.e.,  given  a  set  of  radiation  measurements, 
what  is  the  state  of  the  atmosphere?  The  solution  of 
(ii)  almost  always  requires  the  solution  of  (i).  In  this 
section  we  briefly  review  the  formal  solution  to  the 
direct  problem,  namely  the  radiative  transfer  equation, 
and  discuss  the  uncertainties  in  calculations  based  on 
this  equation. 

The  downward  spectral  brightness  temperature  Tb, 
emitted  by  a  non-scattering  atmosphere  in  local  thermo- 
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dynamic  equilibrium  is  given  by 


n,=(nf)r„-     T—ds, 

'o       ds 


(1) 


where: 


Tcbl'  brightness  temperature  external  to  the  atmo- 
sphere (K) 

t,        transmission  function 

v         frequency  (GHz) 

T        absolute  temperature  (K) 

5  path  length  from  surface  to  emitting  volume 

(km). 

In  general,  the  transmission  r„  is  a  strong  function  of 
atmospheric  composition  and  depends  only  weakly  on 
temperature.  Microwave  absorption  in  the  clear  atmo- 
sphere is  due  principally  to  rotational  transitions  of 
(),  (0.5  cm)  and  H.O  (1.35  cm). 

Although  (1)  represents  the  exact  solution  to  the 
transfer  equation,  the  functional  dependence  of  r„  on 
atmospheric  parameters  must  be  specified  before  one- 
can  calculate  7\,  from  radiosonde  observations,  for 
example.  The  absorption  characteristics  of  a  gas  depend 
on  such  molecular  characteristics  as  line  strengths  and 
positions,  spectral  line  shape,  foreign  and  self-collision 
broadening  parameters,  etc.  The  details  of  our  calcula- 
tions arc  given  by  Westwater  el  al.  (1973).  We  use  the 
Van  Vlcck-Weisskopf  line  shape  with  parameters  for 
()_>  given  by  Garter  el  al.  (1968),  and  parameters  for 
H_()  given  by  Westwater  (1967).  The  accuracy  of  the 
()..  calculations  is  about  8%. 

Because  of  the  importance  of  an  all-weather  capa- 
bility in  a  remote  sensing  system,  the  effect  of  clouds 
and  rain  should  be  discussed.  As  shown  in  Section  9, 
clouds  showed  small  effect  on  the  microwave  measure- 
ments during  the  periods  of  measurement,  in  general, 
however,  microwaves  are  affected  by  clouds  in  a  manner 
lh.it  depends  on  the  liquid  water  content  and  drop  size 
distribution  of  the  cloud  (Westwater,  1972b).  For  non- 
precipitating  clouds,  excellent  possibilities  exist  to 
correct  their  effect  on  the  total  brightness  temperature 
to  give  an  equivalent  clear  air  measurement.  This 
might  be  achieved,  for  example,  with  a  radiometer 
operating  at  say,  31  GHz,  where  the  atmospheric  emis- 
sion is  weakly  affected  by  temperature  and  water  vapor 
but  is  sensitive  to  clouds.  A  similar  technique  has  been 
successful  in  separating  water  vapor  and  cloud  emission 
observed  from  a  satellite  (Staelin  el  a!.,  1973).  The 
effect  of  rain,  however,  is  large  and  would  be  difficult, 
if  not  impossible,  to  correct. 

3.  Inversion  techniques  and  expected  accuracy 

The  operational  feasibility  of  radiometers  as  remote 
sensors  of  temperature  profiles  depends  on  the  analyti- 
cal technique  used  to  extract  profiles  from  radiance 
observations.  As  in  many  complex  problems,  there  is 
no  one  "best"  method  for  all  situations.  For  example, 


iterative  techniques  that  require  large  computer  facili- 
ties would  be  impractical  for  a  small  field  instrument 
whose  purpose  is  to  provide  real-time  profiles.  On  the 
other  hand,  a  statistical  technique  allows  great  simpli- 
fication for  a  real-time  operation  but  requires  a  history 
of  profiles  that  may  not  be  available.  In  this  section 
we  discuss  and  compare  inversion  techniques  that  are 
later  used  in  the  analysis  of  radiometer  data.  A  discus- 
sion of  many  mathematical  aspects  of  the  inversion 
problem  is  given  by  Westwater  and  Strand  (1972).  In 
addition,  Golin  (1972)  has  edited  a  compilation  of 
profile  inversion  techniques  in  many  fields  of  physics. 
Statistical  inversion  techniques  use  radiation  mea- 
surements to  estimate,  in  some  sense,  most  probable 
profile  parameters.  Although  other  estimation  proce- 
dures are  possible,  we  confine  our  attention  to  minimum 
variance  estimation.  Let  d  be  an  ^-component  vector 
of  measurements  (data)  and  p  an  w-component  vector 
of  profile  parameters.  For  example,  d  could  be  a  set  of 
brightness  temperatures  and  surface  meteorological  ob- 
servations, while  p  could  represent  a  temperature  profile 
at  m  specified  altitudes.  Let  the  ensemble  averages  of 
a  quantity  F  be  (F)  and  the  departure  of  V  from  its 
average  be  V'=V— (V).  Furthermore,  we  denote  the 
estimate  of  V  by  V'.  Then  the  minimum  variance  un- 
biased estimator  of  p  as  a  linear  function  of  d  is 
(Deutsch,  1965) 


p,  =  (p'd'*><d'd'*)-1d'. 


(2) 


Here,  the  asterisk  represents  matrix  transposition. 

Our  first  inversion  technique  used  (2)  directly  (see 
Section  9).  We  obtained  an  ensemble  of  261  radiosonde 
profiles  representing  five  years  of  May  soundings  at 
White  Sands  Missile  Range.  In  contrast  to  many 
National  Weather  Service  soundings,  which  are  taken 
at  0000  and  1200  GMT,  these  soundings  were  more  or 
less  evenly  distributed  throughout  24  h.  The  brightness 
temperatures  T/,  at  53.5  and  54.5  GHz  and  15  selected 
elevation  angles  were  calculated  as  discussed  in  Section 
2  for  each  profile  in  the  ensemble.  These  30  values  plus 
surface  observations  of  temperature  To,  pressure  Po 
and  humidity  ru  were  combined  to  form  a  33-component 
data  vector  d  =  [T£j  Tn,I\hr^*.  The  average  of  d  was 
simply  obtained  by  averaging  each  component  over  the 
ensemble 

(d)«-E(d)1-,  (3) 

•V  .=i 

where  i  refers  to  a  member  of  the  ensemble  and  A  is  the 
total  number  of  profiles.  The  cross  covariance  matrix, 
(T'd'*),  between  the  temperature  at  m  fixed  altitudes 
and  d  was  calculated  bv 


(T'd'*)  = 


1 


A'-l 


E  (T-<T)),(d-(d»*. 


(4) 


In    (4),    we   assumed    experimental    errors   in    d    were 
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uncorrelated  with  T.  To  calculate  (d'd'*)  from  past 
soundings  in  a  way  that  could  be  applied  directly  to 
our  experimental  situation  required  knowledge  of  the 
noise  properties  of  the  radiometer.  We  assumed 

d  =  d(atm)  +  £,  (5) 

where  d(atm)  is  the  atmospheric  contribution  and  e  the 
measurement  error,  and  further,  assumed  that  dutm) 
and  t  were  uncorrelated  to  get 


(d'd'*)  =  (d'(atm)d'<atm>*)+(EC*). 


(6) 


We  calculated  (d'(atm)d'(atm)*)  from  our  ensemble  using 
an  equation  similar  to  (4).  When  we  inverted  radiom- 
eter data  (see  Section  9)  the  error  matrix  (ee*)  was 
estimated  from  assumed  accuracy  characteristics  of  the 
radiometer  and  surface  observations. 

The  statistical  inversion  method  allows  an  a  priori 
estimate  of  the  accuracy  in  remotely  inferring  profiles. 
As  shown  by  Westwater  and  Strand  (1968),  this  ac- 
curacy is  a  function  of  the  number  and  kind  of  mea- 
surements, the  instrument  noise  levels,  and  the  sta- 
tistical behavior  of  profile  fluctuations.  If  we  use  mini- 
mum variance  estimation,  the  residual,  T  — T,  has  a 
covariance  matrix  given  by  (Morrison,  1967) 

((T-T)(t-T)*> 

=  (T'T'*>  -  (T'd'*)(d,d'*)-1(d'T'*>.     (7) 

The  square  root  of  the  ith  diagonal  element  of  this 
matrix  represents  the  standard  deviation  of  the  inferred 
profile  at  the  ith  altitude.  Figs.  1  and  2  show  calcula- 


1)     n  priori    Standard  Deviation 

'-'.      Standard  Deviation  jsing 

3n  i  casurerents   at   53.5  and 
54.5  '■.HZ   of   .\     =    1.0K, 


2  3  4  5  6  7 

Theoretical  Standard   Deviation   (  K  ) 

Fig.  1.  Theoretical  inversion  accuracy  for  various  combinations 
of  input  data. 
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2  3 

Theoretical   Standard   Deviation    (K) 

Fig.  2.  Theoretical  inversion  accuracy  for  two  microwave  channels 
and  their  combination. 


tions  of  (7)  for  the  data  vector  d  of  various  combina- 
tions of  brightness  observations  plus  errorless  surface 
measurements  T„  Ps,  rs.  The  noise  matrix  (ee*)  was 
assumed  to  be  diagonal  with  brightness  variance 
=  (1.0  K)2.  Fig.  1  compares  the  residual  standard 
deviation  using  a  total  of  30  measurements  at  53.5  and 
54.5  GHz  and  15  measurements  at  53.5  GHz,  with  the 
a  priori  standard  deviation  about  the  mean  tempera- 
ture profile.  The  residual  standard  deviation  is  less  than 
1.4  K  up  to  3  km  for  the  multi-channel  radiometer. 
Fig.  2  shows  theoretical  results  using  the  two  single 
channels  vs  their  combination.  Note  the  54.5  GHz 
channel  gives  consistently  more  accurate  results  at  all 
altitudes  than  53.5  GHz,  while  the  combination  gives 
moderately  better  results  at  all  altitudes. 

As  discussed  in  Section  6,  surface  measurements  were 
taken  about  300  m  from  the  radiometer  location.  We 
assume  these  locations  could  differ  in  temperature 
about  1.0  K  and,  for  the  remainder  of  this  paper,  we 
use  this  value  to  represent  the  noise  level  of  the  surface 
temperature  observations.  In  many  situations,  how- 
ever, accurate  measurements  of  T3  at  the  radiometer 
location  would  be  available.  Fig.  3  shows  theoretical 
standard  deviations  using  errorless  surface  observations 
vs  those  of  1.0  K  error.  As  is  evident,  the  retrievals  are 
affected  only  in  the  first  60  m  above  the  surface. 

The  inversion  equations  (2)-(6)  require  initially  a 
large  amount  of  computer  time.  To  reduce  this  time, 
Westwater  (1972a)  related  a  linear  approximation  of 
the  brightness  temperature  [Eq.    (1)]  to  the  desired 
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Tig.  3.  Theoretical  inversion  accuracy  with  and  without  error 
in  the  surface  temperature  measurement. 

profile  fluctuations.  This  procedure  requires  calculations 
of  brightness  temperature  and  its  derivative  with  re- 
spect to  temperature,  pressure  and  humidity  for  the 
average  profile  only.  If  we  define  the  »X>w  matrix 


dThi 

(Ar)h-= 

dTj 


(«.) 


with  similar  definitions  for  /'  and  r,  then  the  quantities 
required  by  (2)  are  given  by 

(T'Tfc'*)«(T'T'*).lT+<T'P'*).l*P+(T'r'*).i;  (9) 

<T6'T,/*)«,1t(T'T'*>.It+.1t(T'P'*).|J,+  -  •  • 

+v1p(P'P'*),1  ;+<ee*>f     (10) 

(T„>«.lT<T)+.lp(P)+.lr(r;.  (11) 

In  addition  to  the  direct  use  of  (2),  we  also  used  these 
approximate  equations  as  an  inversion  algorithm  after 
first  calculating  means  and  covariances  of  meteoro- 
logical parameters  with  (2)  and  (4). 

To  compare  initial  computer  time  requirements  for 
the  exact  and  the  approximate  inversion  algorithms,  it 
can  be  shown  that  the  total  reduction  in  time  achieved 
by  the  approximation  is  approximately  .Y  (6m),  when1 
A'  is  the  number  of  profiles.  Thus,  for  live  years  of 
twice-a-day  soundings,  and  for  25  height  levels,  the 
computer  time  would  be  reduced  by  a  factor  of  about  2r>. 

4.  Spatial  resolution 

The  statistical  techniques  are  convenient  in  predict- 
ing the  mean  square  error  in  an  inferred  prol  le  as  a 


function  of  instrument  noise  levels.  Another  important 
quantity  is  spatial  resolution.  Recent  progress  has  been 
made  in  analysis  of  indirect  sensing  systems  by  the 
introduction  of  a  quantitative  measure  of  resolution 
(Backus  and  Gilbert,  1970).  We  will  summarize  below 
the  portions  of  this  theory  that  we  apply  to  the  ground- 
based  temperature  problem.  A  more  complete  discus- 
sion of  the  technique,  as  well  as  other  applications,  are 
given  by  Conrath  (1972)  and  Westwater  and  Cohen 
(1973). 

The  value  of  a  retrieved  profile  at  a  given  point  is 
representative  of  some  kind  of  spatial  average  of  the 
original  profile.  The  effective  width,  or  spread,  of  the 
interval  over  which  this  average  extends  is  a  convenient 
measure  of  resolution.  If  the  value  of  the  inferred  profile 
at  height  //n  is  expressed  as  the  integral  of  the  product 
of  the  true  function  and  an  averaging  kernel,  A(li,ho), 
then  the  spread  s(/i{)),  as  defined  by  Backus  and  Gilbert, 
is  given  by 


(12) 


*(//„)=  12     (h-Jio)2A2(h,ho)(lk, 


where  the  integral  extends  from  the  surface  to  the  top 
of  the  atmosphere.  This  measure  of  resolution  is  nor- 
malized with  the  factor  of  12  so  that  the  spread  of  a 
rectangular  averaging  kernel  with  width  /,  height  /"', 
and  centered  at  //»,  is  equal  to  /.  Averaging  kernels  with 
suitable  localization  properties  are  constructed  from 
the  set  of  known  weighting  functions  appropriate  to 
the  inverse  problem. 

To  calculate  the  spread  at  various  altitudes,  we  first 
must  determine  weighting  functions.  Ground-based 
microwave  weighting  functions  A',(//)  for  retrieving 
temperature  profiles  are  (approximately)  given  by 


KtQi)  =  [«„•(//)  sin0,] 

Xexp 


ov,(//')<///'/sin0, 


(13) 


where  the  subscript  i  refers  to  a  frequency-angle  pair, 
a,,  is  the  absorption  coefficient  at  frequency  i\,  and  dL 
is  the  elevation  angle,  tig.  4  shows  selected  weighting 
functions  (in  pressure  units  rather  than  height)  appro- 
priate to  our  choice  of  elevation  angles  and  frequencies. 
As  Fig.  4  illustrates,  the  ground-based  weighting 
functions  achieve  their  maximum  at  the  surface.  It  is 
not  obvious  whether  linear  combinations  of  these  func- 
tions will  achieve  their  maxima  at  higher  altitudes  and 
allow  a  certain  degree  of  spatial  resolution.  To  study 
this  question,  we  determined  from  the  basis  set  of  ?() 
weighting  functions  the  (minimum  spread)  averaging 
kernels  and  their  associated  spreads.  The  results  of 
these  calculations  are  shown  in  Fig.  5.  Note  the  ex- 
tremely narrow  resolution  near  the  surface  and  the 
broadening  of  these  curves  at  higher  altitudes.  Even  at 
3  km,  there  is  a  degree  of  spatial  resolution,  although 
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fine-structure  of  retrieved  temperature  profiles  would 
be  smoothed  out. 

5.  Effect  of  departures  from  stratification  and  time 
stationarity 

The  angular  scan  technique  of  inferring  vertical  pro- 
files requires  horizontal  stratification  over  the  spatial 
region  that  contributes  substantially  to  the  brightness. 
In  addition,  since  an  angular  scan  requires  a  finite  time 
to  complete,  substantial  variations  in  the  profile  with 
time  can  affect  the  results.  In  this  section,  we  present 
model  calculations  intended  to  estimate  the  order  of 
magnitude  of  these  effects. 

The  local  terrain  at  the  field  site  is  uniform  in  all 
directions  except  for  the  Organ  Mountains  which  lie 
about  15  km  to  the  west.  These  mountains  frequently 
induce  wave  phenomena  which  propagate  downwind 
through  the  missile  range.  To  simulate  the  effect  of  such 
a  wave  on  the  angular  brightness  temperature,  we  as- 
sumed a  modified  profile,  T(x,h)  =  Tu(/i)+A  sin(2ir.V/  L), 
where  Tu{li)  is  a  standard  profile,  .1  the  (constant) 
amplitude,  L  the  wavelength,  and  ,v  the  horizontal  co- 
ordinate. In  Table  1  we  show  calculations  of  brightness 
temperature  at  53.5  and  54.5  (1Hz  for  Tv(l/)  as  a  lapse 
profile,  with  wave  parameters  .1=5.0  K  and  /.  =  2.0 
and  20.0  km.  Since  the  brightness  temperature  is  ap- 
proximately linear  with  temperature,  numerical  values 
for  other  choices  of  .1  can  be  estimated  by  scaling.  For 
low  elevation  angles,  we  can  compare  the  numerical 
results  with  those  obtained  from  the  analytical  expres- 
sion for  5Tt,  when  a  is  constant;  namely 

jr»«.-i(*/«)[i+(*  a)-]-1, 

where  k  =  2ir/L.  For  L  =  2.Q  and  20.0  km  the  values 
obtained  from  the  analytical  expression  are  0.46  and 
2.49  K  at  53.5  GHz  and  0.88  and  2.11  K  at  54.5  (iHz. 


Table  1.  Effect  of  horizontal  temperature  wave  on 
brightness  temperature  [K]  for  .1  =  5.0  K. 

8r6=rJr0(/o-r-.i  sm^l-r^r^'Ol 


Table  2.  Root  mean  square  errors  [K]  to  3  km  in  statistical 
retrieval  of  profiles  from  brightness  temperatures  calculated  from 
in  homogeneous  atmospheres. 


bTb(55.S 

GHz) 

«F/,(54.5 

GHz) 

Elevation 

L 

L 

angle  (cleg) 

2.0  km 

20.0  km 

2.0  km 

20.0  km 

0.5 

0.32 

2  22 

0.72 

1.75 

2.5 

0.39 

2.14 

0.81 

1.69 

5.0 

0.39 

2.11 

0.82 

1.69 

7.5 

0.38 

2.08 

0.82 

1.69 

10.0 

0.36 

2.02 

0.82 

1.68 

12.5 

0.35 

1.97 

0.82 

1.67 

15.0 

0.35 

1.91 

0.83 

1.65 

20.0 

0.33 

1.77 

0.87 

1.65 

30.0 

0.32 

1.58 

0.89 

1.51 

40.0 

0.40 

1.57 

0.97 

1.36 

50.0 

0.58 

1.72 

1.12 

1.22 

60.0 

0.86 

1.89 

1.34 

1.08 

70.0 

1.27 

1.78 

1.66 

0.83 

80.0 

1.74 

0.99 

1.85 

0.39 

90.0 

0.00 

0.00 

0.00 

0.00 

rms  error 

0.68 

1.80 

1.40 

1.47 

HomoRe- 

Radi-  neous         Tempera-  Tempera- 

ometer  atmosphere   turc  wave  cure  wave 

noise  (lapse         A  =  5.0  K  A  =  5.0  K. 

level  profile)       L  =2.0  km  L  =20.0  km 


HomoRe-  Cold  front 

neous  model 

atmosphere  (radiome- 

(elevated         ter  I  km 

inversion)  into  front) 


(1.1 

0..48 

0.95 

1.30 

1.6.5 

1.66 

1.0 

(1.58 

11.47 

1.06 

1.76 

1.78 

Another  source  of  temperature  inhomogeneity  is 
frontal  passage.  We  investigated  a  cold  air  mass  moving 
under  warm  air  with  a  large  frontal  slope  of  1/50  and 
a  temperature  discontinuity  across  the  front  of  10  K. 
The  brightness  temperature  difference  between  this 
model  and  the  associated  horizontally  homogeneous 
profile  depends  on  the  position  of  the  radiometer  with 
respect  to  the  front.  With  the  radiometer  1  and  10  km 
into  the  cold  sector,  the  maximum  brightness  difference 
exceeds  1  K  at  only  one  elevation  angle;  at  50  km  this 
value  had  diminished  to  0.4  K..  These  calculations  sug- 
gest that  the  effect  of  departures  from  horizontal  homo- 
geneity induced  by  even  an  extreme  frontal  passage  is 
small,  except,  perhaps,  at  the  boundary  of  the  front. 

To  estimate  the  effect  of  these  departures  from 
stratification  on  temperature  profile  recovery,  we  at- 
tempted to  retrieve  the  vertical  profiles  above  the 
radiometer  from  brightness  temperatures  calculated  for 
the  inhomogeneous  models.  For  comparison  each  profile 
was  also  retrieved  from  the  brightness  temperature 
calculated  from  the  associated  homogeneous  model. 
The  results  of  inverting  these  data  by  the  statistical 
technique  assuming  radiometer  noise  levels  of  0.1  K 
and  1.0  K,  are  given  in  Table  2.  As  expected,  the 
results  for  the  lower  noise  level  (0.1  K)  are  more  sensi- 
tive to  stratification  errors.  Since  the  statistical  inver- 
sion equations  are  linear,  the  effect  of  inverting  bright- 
ness data  calculated  from  similar  profiles  with  different 
magnitudes  of  inhomogeneity  can  be  estimated  by 
scaling. 

As  shown  in  Section  9,  tower  measurements  occa- 
sionally indicated  substantial  (~4  K)  variations  of 
temperature  structure  during  the  time  of  an  elevation 
scan  (45  min).  Two  types  of  temperature  variation  oc- 
curred:  oscillation  about  a  mean  value  and  a  linear 
increase  with  time.  To  simulate  the  effect  of  such 
variations  on  the  angular  brightness  spectrum,  we 
computed  the  brightness  for  two  cases:  in  the  first,  the 
temperature  increased  linearly  with  time  a  total  of 
7.5  K.  during  a  complete  scan  ;  in  the  second,  we  allowed 
U  cycles  of  a  sinusoidal  variation  of  amplitude  4  K 
during  the  scan.  These  calculations,  plus  the  brightness 
spectrum  at  time  zero,  are  .shown  in  Fig.  6.  Note,  in 
one  case,  the  oscillatory  behavior  of  the  brightness 
curve  about  the  spectrum  present  at  time  zero.  This 
feature  is  present  in  several  of  the  measurements  dis- 
cussed in  Section  9. 
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20  30  40  50  60  ?0  80  90 

Elevation   Angle   (Degrees) 

FlG.  6.  Effect  nf  time  variation  in  temperature  profile  on 
angular  brightness  spectrum  at  53.5  and  54.5  GH/.:  X's  repre- 
sent a  linear  increase  in  temperature  with  time  (a  total  of  7.5  K 
during  the  scan);  O's  lj  cycles  of  a  sinusoidal  variation  of 
amplitude  4  K  during  the  scan 

6.  Experimental  plan 

Our  general  objective  was  to  make  ground-based  re- 
mote measurements  of  the  vertical  atmospheric  tem- 
perature profile  using  a  two-channel  microwave  radiom- 
eter as  a  sensor.  Profiles  inferred  from  the  radiometric 
data  were  to  be  compared  with  ground-truth  informa- 
tion obtained  by  radiosondes,  lower-mounted  tempera- 
ture sensors,  and  an  instrumented  helicopter.  Our  mea- 
surement site  was  Launch  Complex  No.  36  on  White 
Sands  Missile  Range.  The  radiometer  was  located  500  m 
to  the  west  and  pointed  slightly  south  of  a  150  m  in- 
strumented tower.  Radiosondes  were  released  300  m 
south  of  the  line  between  the  radiometer  and  tower 
while  the  helicopter  measurements  were  made  in  an 
area  generally  south  of  the  tower. 

The  radiometer  measured  antenna  temperatures  at 
15  elevation  angles  ranging  from  0°  to  90°;  since  the 
dwell  time  at  each  angle  was  about  3  mill,  a  complete 
upward  scan  required  45  min.  A  run  always  began  at 
0°  elevation  angle  so  that  the  radiometer  would  probe 
the  lower  layers  of  the  atmosphere  simultaneously  with 
the  launch  of  the  radiosonde. 

During  radiometer  measurements,  temperatures  were 
recorded  on  the  tower  while  the  helicopter  measured 


temperature  from  the  surface  to  approximately  1.5  km, 
and  temperature  at  constant  heights  over  a  horizontal 
distance  of  about  8  km.  The  latter  measurements  were 
performed  to  detect  departures  from  horizontal  strati- 
fication;  measurement  heights  were  30,  60,  150,  300, 
450,  600,  900,  1200  and  1500  m.  Helicopter  height  and 
position  were  plotted  by  a  T-9  wind  system  radar. 

Finally,  standard  surface  weather  observations  of 
temperature,  relative  humidity,  pressure  and  cloud 
cover  were  recorded  at  30  min  intervals;  these  data 
were  recorded  approximately  500  m  southeast  of  the 
radiometer. 

A  primary  task  of  our  investigation  was  to  study  the 
ability  of  the  radiometer  to  detect  the  presence  and 
dissipation  of  temperature  inversions.  This  require- 
ment dictated  to  a  large  extent  the  measurement  times; 
the  times  selected  were  0500,  0800  and  1900  (all  times 
MDT).  The  0500  observation  was  the  optimum  time  to 
detect  inversions  because  of  the  strong  radiation  inver- 
sion characteristic  of  an  arid  region.  The  measurement 
at  0800  was  selected  because  the  radiation  inversion 
would  probably  be  in  the  process  of  breaking  up  due  to 
solar  heating  of  the  surface  and  lower  atmosphere. 
Finally,  we  decided  to  perform  measurements  at  1900 
(approximately  sundown)  when  the  temperature  profile 
could  be  expected  to  be  in  transition  from  the  super- 
adiabatic  lapse  rate  typical  of  desert  afternoons  to  a 
more  nearly  standard  lapse  condition. 

7.  Microwave  radiometer 

The  microwave  radiometer  used  to  estimate  tem- 
perature profiles  is  a  two-frequency  device  designed  and 
constructed  in  the  Wave  Propagation  Laboratory.  The 
system  employs  a  swilchable  ferrite  circulator  which 
permits  operation  at  two  frequencies  simultaneously; 
the  svslem,  in  effect,  consists  of  two  individual  switch- 
ing radiometers  (I)icke,  1946)  connected  to  a  common 
antenna  and  calibration  system  through  a  single  switch. 
The  radiometer  is  shown  schematically  in  Fig.  7;  a 
detailed  description  of  the  design  and  performance  of 
the  system  is  given  by  Snider  (1974). 

The  antenna  used  with  the  radiometer  is  a  conical 
horn  reflector  with  1.2  m  aperture  installed  in  an  eleva- 
tion over  azimuth  mount  (Fig.  8).  Antenna  axes  are 
individually  controlled  and  the  elevation  and  azimuth 
tingles  tire  displayed  and  recorded  at  the  radiometer 
operating  position.  Antenna  half-power  beamwidth  is 
approximately  0.3°  at  our  operating  frequencies.  Pri- 
marv  polarization  power  patterns  were  measured  to 
facilitate  calculation  of  brightness  temperature. 

We  derive  brightness  temperature  from  antenna  tem- 
perature using  a  simple  conversion  factor  based  upon 
our  measured  antenna  characteristics  and  a  mean 
brightness  profile  calculated  for  the  geographic  area  in 
which  measurements  are  to  be  made.  The  process  con- 
verts antenna  temperature  measured  at  a  given  eleva- 
tion tingle  to  a  line  value  of  brightness  temperature  tit 
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;ig.  7.  Block  diagram  of  two-frequency  microwave  radiometer. 


the  same  elevation  angle.  We  determine  the  conversion 
factor  bv  numericallv  evaluating 


T„(6) 


1 
4tt 


G(U)Th(V.)tlil, 


(14) 


Section  5.  The  conversion  factor  is  the  difference  be- 
tween mean  brightness  and  the  antenna  temperature 
computed  using  (14).  The  brightness  temperature  mea- 
surements used  as  input  to  the  profile  retrieval  algo- 
rithms are  calculated  from 


where  T„(8)  is  the  integrated  antenna  temperature  at 
elevation  angle  8  and  T,,(U)  and  G(il)  are  the  brightness 
temperature  and  antenna  gain  in  the  direction  of  solid 
angle  9..  The  mean  brightness  temperature  profiles  at 
our  operating  frequencies  were  computed  from  the 
historv  of  White  Sands  radiosonde  data  described   in 


T,,m  (6)  =  T (0)  +  [T,,(6)  -  Ta  (6?)], 


:i5) 


ir..  8.  The  two-frequency  microwave  radiometer  and  its 
associated  antenna. 


where  T ,„„ (6)  and  T„,„(d)  are  the  measured  brightness 
and  antenna  temperatures  at  elevation  angle  8,  and  the 
quantity  in  brackets  is  the  conversion  factor. 

We  computed  conversion  factors  using  actual  bright- 
ness profiles  measured  during  the  present  experiment 
to  estimate  the  possible  error  caused  by  using  a  mean 
brightness  profile  in  (14).  We  found  a  maximum  error 
of  about  1  K.  for  an  intense  surface-based  inversion 
with  the  larger  differences  occurring  at  the  lower  eleva- 
tion angles.  The  error  when  measuring  a  lapse  profile 
was  0.5  k  or  less  at  all  elevation  angles.  These  calcula- 
tions indicate  that  inferred  profiles  containing  tempera- 
ture inversions  may  be  subject  to  slightly  larger  errors 
than  la]  se  pro.'.les.  At  the  same  time,  the  error  is  not 
ol  still. cicnt  magnitude  to  justify  use  of  more  complex 
methods  (e.g.,  integral  equation  inversion)  to  derive 
brightness  temperature  from  antenna  temperature. 

Characteristics  oi  the  two-frequency  radiometer  are 
summarized  in  Table  5. 

8.  Meteorological     instrumentation 

l)r\  bulb  temperatures  were  measured  at  eight  levels 
on   a    151)  m    tower:  4,   8,    16,  M,  60,  91,    122,    150  m. 

Tai.i.,.  3.  Two-frequency  microwave  radiometer  characteristics. 


I.'  >  a  nter  frequencies 
It  passband  (2  did 
sen  ilivily  (t=  10  s) 
system  noise  figure* 
mixer  noise  figure 
antenna  beamwidlh  (3  dB) 
estimated  absolute  accuracv 


53.5  ami  54.5  GHz 
10  in  110  Mil/ 
0.25  K 
11.4  ill! 
8.0  (IB 

tu° 

±3  K 


*  System  noise  figure  is  referred  to  the  antenna  input  port. 
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Table  4.  Root  mean  square  difference  [K]  between  measured 
brightness  temperature  and  brightness  temperature  calculated 
from  radiosonde  data. 


Table  5.  Average  and  root  mean  square  difference  [K]  be- 
tween measured  and  calculated  brightness  temperatures  as  a 
function  of  radiometer  elevation  angle. 


Date 

Time 

53.5  GHz 

V 

54.5  GHz 

Elevation 

53.5 

GHz 

54.5  GH 

15  May 

0515 

3.41 

2.21 

(deg) 

0815 
1937 

2.53 
2.63 

1.69 
1.96 

Average 

rms 

Average 

rms 

0 

0 

0 

0 

0 

16  Mav 

0627 

3.18 

1.59 

2.5 

066 

1.03 

0.20 

0.77 

0800 

1.95 

1.59 

5 

0.30 

1.57 

-0.40 

1.01 

1947 

2.61 

2.49 

7.5 

0.04 

2.00 

-0.43 

1.37 

17  Mav 

0516 

3.29 

4.07 

10 

0.16 

2.60 

-0.63 

1.64 

0800 

2.90 

1.63 

12.5 

0.32 

2.67 

-1.10 

2.27 

1935 

2.44 

1.97 

15 

0.51 

3.37 

-0.94 

2.44 

20 

1.78 

3.42 

-0.44 

2.28 

18  May 

0800 

2.95 

2.62 

30 

0.44 

3.30 

-0.46 

2.77 

1940 

3.54 

1.09 

40 

0.69 

2.69 

0.08 

1.97 

19  Mav 

0510 

2.43 

2.62 

50 

-0.46 

2.18 

0.57 

2.41 

1000 

3.27 

1.16 

60 

-1.99 

2.74 

0.14 

2.02 

70 

-2.98 

3.61 

0.10 

2.75 

rms  diffe 

rence 

80 

-3.95 

4.50 

0.07 

2.36 

for  all 

measurements 

2.92 

2.19 

90 

-4.04 

4.41 

-1.54 

3.18 

All  angles 

—0.66 

2.92 

—0.34 

2.19 

Temperature  sensors  were  copper-constantan  thermo- 
couples housed  in  aspirated  radiation  shields.  Signals 
from  the  sensors  were  amplified  at  the  tower  and 
transmitted  680  m  to  a  van  where  they  were  recorded 
on  a  digital  tape  recorder  at  a  10  Hz  sampling  rate. 
To  reduce  noise  in  the  recorded  temperatures,  the 
sampled  values  were  edited  to  remove  each  tempera- 
ture that  differed  from  the  previous  one  by  more  than 
1  K.  The  remaining  samples  were  averaged  over  1  min 
periods  and  then  further  smoothed  by  computing  10 
min  running  averages;  the  latter  values  are  plotted  in 
Section  9. 

Our  radiosonde  system  was  the  standard  rawin  set 
AN/GMD1;  temperature,  humidity  and  wind  data 
were  recorded  to  a  height  of  approximately  12  km 
above  ground  level.  The  radiosonde  temperatures  shown 
in  Section  9  are  significant  level  values. 

A  KIOWA  helicopter  contained  sensors  and  recorders 
for  air  and  soil  temperatures;  the  latter  quantity  was 
measured  with  a  downward  looking  infrared  sensor. 
The  air  temperatures  recorded  on  the  helicopter  are 
plotted  in  Section  9  with  the  profile  comparisons. 

9.  Results 

We  now  present  the  results  of  the  measurements 
made  at  WSMR.  We  compare  the  brightness  measure- 
ments with  those  calculated  from  theory,  compare  in- 
ferred and  directly  measured  temperature  profiles,  and 
study  the  correlation  between  temperatures  measured 
at  various  levels  on  the  meteorological  tower  and 
microwave  brightness  measurements. 

Thirteen  temperature  soundings  using  the  brightness- 
vs-elevation-angle  technique  were  made  with  simul- 
taneous meteorological  data.  We  first  compare  bright- 
ness temperatures  calculated  from  radiosonde  data  (see 
Section  2)  with  measured  brightness.  Temperatures 
measured  on  the  tower  and  helicopter  are  used  as  inde- 


pendent measures  of  the  profile  and  its  time  variation 
rather  than  as  input  data  for  these  brightness  calcula- 
tions. A  summary  of  the  measured  and  calculated 
theoretical  brightness  temperatures  at  53.5  and  54.5 
GHz  is  presented  in  Table  4  which  lists  the  rms  differ- 
ence between  measured  and  calculated  quantities  for 
the  entire  set  of  15  elevation  angles  that  comprise  each 
run.  Table  5  lists  the  average  and  rms  difference  be- 
tween measurements  and  calculations  as  a  function  of 
antenna  elevation  angle;  the  averages  are  also  shown 
in   Fig.   9.   A  few  individual  sample  comparisons  are 


10      20      30      40     50      60     70      80     90 
Elevation   Angle  (Degrees! 

Fig.  9.  Averages  of  measured  and  calculated  microwave  brightness 
for  13  profiles. 
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given  in  Figs.  10-12  which  also  include  profile  inversion 
results  and  meteorological  tower  temperatures  that  are 
discussed  below. 

Referring  to  Fig.  9  and  Table  5,  we  see  that  agree- 
ment between  measured  and  calculated  brightness  tem- 
peratures is  good  at  54.5  GHz  and  for  elevation  angles 
below  50°  for  55.5  GHz.  Some  of  the  average  disagree- 
ment between  measurements  and  calculations  may  be 
caused  by  using  an  incorrect  value  for  the  stray  antenna 
noise  temperature  as  discussed  in  Section  7.  Another 
possible  cause,  and  one  that  would  result  in  larger 
differences  at  the  higher  elevation  angles,  is  incorrect 
absorption  coefficients  for  H_>0  and  0>. 

Other  possible  sources  of  error,  particularly  during 
individual  soundings,  are  departures  from  horizontal 
stratification  and  significant  variation  of  the  tempera- 
ture profile  during  the  time  of  measurement.  The  former 
did  not  seem  to  be  important  during  this  experiment 
since  constant  altitude  helicopter  flights  (up  to  1.5  km) 
indicated  temperature  variations  of  less  than  1  K.  over 
a  horizontal  distance  of  ^  8  km.  Similar  observations 
during  much  more  extreme  surface  temperature  dif- 
ferences than  we  encountered  were  reported  by  Businger 
and  Frisch  (1972).  They  measured  surface  temperature 
differences  of  20  K.  over  an  extended  area.  However, 
at  30  m,  maximum  differences  in  air  temperature  were 
less  than  5  K  over  ~  10  km  and  at  100  m,  the  air 
temperature  was  homogeneous.  We  also  grossly  esti- 
mated the  upper  air  horizontal  temperature  gradient 
from  National  Weather  Service  daily  records  of  the 
500  mb  height  contours.  These  records  indicated  maxi- 
mum gradients  of  average  temperature  (to  500  mb)  of 
less  than  2X10~:!K  km-1  during  the  week  of  the 
experiment. 

As  shown  by  the  tower  measurements,  significant 
temporal  variation  of  the  temperature  profile  did  occur 
at  various  times.  Some  of  these  cases  will  be  discussed 
in  detail  later  in  this  section. 

Another  source  of  error  is  the  smoothing  of  low- 
altitude  structure  by  the  radiosonde.  In  several  in- 
stances, the  tower  temperature  measurements  showed 
much  more  structure  in  the  boundary  layer  than  did 
the  radiosonde.  In  all  but  one  case,  the  first  significant 
level  that  was  reported  by  radiosondes  was  at  least 
100  m  above  the  surface,  while  frequently  much  of  the 
structure  was  actually  below  30  m.  Calculations  of 
brightness  using  tower  data  spliced  with  radiosondes 
differed  by  as  much  as  1.5  K  from  those  using  only 
radiosonde  data. 

The  cloud  cover  seen  bv  the  antenna  main  lobe 
during  each  temperature  sounding  was  photographed 
and  classified  for  subsequent  qualitative  estimates  of 
effects  upon  the  measurements.  In  general,  cloud 
heights  and  estimated  water  content  were  such  that 
contamination  of  the  brightness  data  by  cloud  emission 
is  believed  to  be  extremely  small. 

We  have  enumerated  some  of  the  possible  reasons 
lor  the  observed  differences  in   theory  and  experiment 


to  indicate  several  limitations  and  uncertainties  that 
remain  in  remote  sensing  of  temperature  profiles.  For 
our  immediate  problem,  the  observed  differences  repre- 
sent the  measurement  accuracy  with  which  we  must 
contend  when  estimating  the  temperature  profile  from 
a  set  of  brightness  data.  On  the  basis  of  the  average 
departure  between  measurements  and  theory,  we  have 
assigned  a  noise  level  of  1.0  K  to  the  radiometer,  i.e., 
the  experimental  error  t  in  (4)  attributable  to  the 
radiometer  is  1.0  K.  Although  the  rms  differences  were 
larger  than  this,  we  felt  that  this  larger  variance  was 
clue  to  time  variation  of  the  profiles  and  did  not  repre- 
sent radiometer  error. 

Temperature  profiles  were  estimated  from  the  bright- 
ness measurements  by  two  methods:  (a)  the  "exact" 
inversion  algorithm  employing  Eqs.  (2)  through  (6) ; 
and  (b)  the  "approximate"  method  using  Eqs.  (3),  (4), 
and  (8)  through  (11).  Input  radiation  data  for  the 
former  method  were  the  set  of  30  measurements  re- 
corded at  53.5  and  54.5  GHz  and  the  15  angles  listed 
in  Table  5.  The  individual  sets  of  15  values  measured 
at  each  frequency  were  the  input  data  to  the  "approxi- 
mate" inversion  method;  the  limitation  of  15  pieces  of 
input  data  for  the  approximate  method  is  the  result  of 
insufficient  computer  storage  space.  The  statistical  base 
from  which  regression  coefficients,  means  and  variances, 
etc.  (required  by  both  inversion  algorithms)  were  com- 
puted, was  the  5  year  ensemble  of  WSMR  radiosonde 
data  mentioned  in  Section  3.  The  ensemble  and  the 
inversion  results  are  independent  of  the  13  radiosonde 
profiles  taken  during  15-19  May  1972. 

We  present  selected  results  of  our  profile  retrievals 
beginning  with  Figs.  10-12.  Part  (a)  of  each  figure 
shows  the  temperature  profile  (open  circles)  estimated 
by  the  exact  procedure  while  the  profiles  measured  by 
the  radiosonde  (solid  line)  and  helicopter  (crosses)  are 
shown  for  comparison.  The  curves  in  part  (b)  present 
similar  results  for  the  approximate  technique  except 
that  here  the  circles  and  crosses  represent  inferred 
temperatures  from  53.5  and  54.5  GHz  input  data,  re- 
spective!)'. The  cloud  type  prevalent  during  each  profile 
measurement  is  shown  in  parts  (a)  and  (b).  Part  (c) 
shows  measured  (circles)  and  theoretical  (lines)  bright- 
ness temperatures  corresponding  to  each  inverted  pro- 
file. Finally,  tower  temperature  measurements  are 
shown  in  part  (d). 

Fig.  10  illustrates  the  effect  of  a  time-varying  profile 
on  the  brightness  spectrum.  The  first  four  measure- 
ments, 0°  to  7.5°,  were  taken  from  0515  to  0524  MDT 
15  May  1°72  while  the  inversion  profile  changed  little 
with  time.  After  calibration  at  0527,  the  remaining 
measurements  were  made  every  3  min  from  0530  to 
0600.  As  shown  in  (d),  the  low-altitude  profile  decreases 
to  a  minimum  about  0545,  then  increases  to  a  relative 
maximum  again  at  0600.  As  seen  in  (c),  the  brightness 
spectrum  is  in  reasonable  agreement  with  this  trend, 
particularih  at  54.5  GHz.  The  retrieved  profiles,  (a) 
and  (b),  reflect  this  feature  by  being  close  to  the  profile 
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Fig.  10.  Statistical  inversion  results  for  sounding  begun  0515  MDT  15  May  1972.  (Sec  text  for  details.) 


in  the  first  several  meters  and  then,  at  higher  altitudes,  profiles  well  represent   the  radiosonde  profile,  particu- 

become  colder  than  the  radiosonde  profile.  larilv  the  retrieval  obtained  with  30  measurements. 

Fig.  11  shows  a  profile  retrieval  from  brightness  mea-  The  final   case  we  present    (Fig.    12)   is  an  intense 

surements  taken  while  the  thermal  profile  (except  for  ground-based  inversion.  As  is  evident  from  the  figure, 

the  first  8  m)  changed  little  with  time.  The  agreement  the    salient    features    of    the    thermal    profile    are    well 

between  measurements  and  calculations  is  good,  except  represented  by  the  retrievals.  Note  that  the  retrieved 

for  the  angles  above  60°  at  53.5  GHz.  The  retrieved  profile  is  consistently  warmer  than  the  radiosonde  pro- 


196 


June  1975 


WEST WATER,     SNIDER     AND     CARLSON 


536 


2.5 

2i 
E 
P    15 


\    ° 


2?0 


5/17/72       1935 

o     53.5.54.5  GHz 
Combinotion 

+     Helicopter  (1920) 

RAOB 

Sctd        Ac 


280  290 

Temperature  ( K ', 

(a) 


30P 


2.5 


1.5 


o 

+ 

1 

1                           1                           1       - 

5/17/72       19  35 
o     53.5  GHz 

y  0  + 

+     54  5    GHz 

RAOB 

Sctd       Ac 

- 

\p  + 

3  + 

X  + 

c\+ 

o\  + 

CA  + 

1                           1 

o\   + 

0>\  + 

o  \  + 

i        i     °\i 

270 


280  290 

Temperature  (K) 

(b) 


y::; 


10      20      30      40      50      60      70      80     90 
Fevotion Angle   (Degrees) 

(c) 


llll       UJi         1)10         ms"     ISS0         9S5        !0M        «»5        ?«0         ?0I5         Xltt        Wi 
T»n«  (MDTI 


(d) 


Fig.  11.  As  in  Fig.  10  except  for  1935  MDT  17  May  1972. 


file  above  ~60  m.  This  could  have  been  caused  by  the 
profile  getting  warmer  with  increasing  time  due  to  solar 
heating.  Unfortunately,  the  tower  measurements  were 
unavailable  during  this  period. 

A  total  of  13  profiles  were  inverted  for  the  one-week 
set  of  measurements.  Table  6  summarizes  the  retrieval 
results  for  each  profile  as  a  function  of  inversion  method 


and/or  input  data  set;  the  tabulated  values  are  the 
rms  differences  between  estimated  and  radiosonde  pro- 
files. The  reduction  in  variance  by  employing  30  bright- 
ness measurements  instead  of  15  is  about  30%.  In  all 
cases  of  occurrence,  ground-based  inversions  and  lapse 
conditions  were  clearly  indicated.  The  one  elevated  in- 
version  that  occurred  was  smoothed  out   in   the  re- 


197 


537 


JOURNAL     OF     APPLIED     METEOROLOGY 


Volume  14 


25 
20 

:- 

— 
I 
10 

)5 


."     o 

0 

5/16/72         0627 
o     535,  54  5      GHz 

o 

Combination 
+     Heliccp'er     (0630) 

RAOB 

.            o                Clear 

\          ° 

\           ° 

\        ° 
V       o 

\      ° 

V      0 

1    o 
+/      Q  ' 

or — *P~^- ■ ' 

270 


Temperature  (K) 

u) 


;" 


30 

+      b 

1 

1                 1                 1 
5/16/72           0627 

\      + 

o 

o     53  5        GHz 

2.5 

+ 

+     54  5        GHz 

RAOB 

°                          Clear 

20 

+       o 
\         +      o 

-- 

15 

\       +      o 

\       +      o 

10 

\    +      o 
\  +     o 

V      ° 

0  5 
n 

i   • 

i 

T      ° 

r    ° 
)  +  ° 

— »  -*-t      1 1 

270 


280  290 

Temperature  (K) 

(b) 


300 


1         I 1 1 1 V 

WSMR     5/16/72     0627 


54.5    GHz 


10      20      30     40      50      60      70      80       90 
Elevation  Angle   (Degrees) 

(c) 

Fig.  12.  As  in  Fig.  10  except  for  0627  MDT  16  May  1972 


198 


June  1975 


WEST  \Y  ATER,     S  X  I  D  E  R     A  X  D     C  A  RLSO  X 


538 


Table  6.  Root  mean  square  difference  [K]  between  measured 
and  inferred  temperature  profiles  over  3  km  height  interval. 


Date 


rime 


Both  fre- 
53.5  GHz    54.5  GHz     quencies 
(15  (15  (15 

angles)         angles)         angles) 


15  May 

0515 
0815 
1937 

3.83 
1.33 
1.26 

16  May 

0627 

0800 
1947 

4.17 
0.98 
0.53 

17  May 

0516 
0800 
1935 

3.62 
3.58 
1.04 

18  May 

0800 
1940 

0.90 
0.67 

19  May 

0510 
1000 

1.47 
2.36 

Arrms  for 
all  profiles 

2.36 

. 

.. . 



1.40 
2.81 
1.96 

2.13 
2.40 
3.03 

5.16 
1.16 
1.52 

1.64 
1.54 

1.45 
1.25 

2.36 


2.17 
2.26 
1.33 

2.31 
1.24 
2.47 

3.94 
1.62 
0.52 

1.47 
0.58 

2  2^ 
1.09 

1.99 


trieval;  however,  these  data  were  suspect  because  of 
strong  radio  interference,  presumably  due  to  tracking 
during  a  missile  launch. 

During  the  morning  of  18  May,  the  microwave 
radiometer  was  operated  at  a  fixed  elevation  angle  for 
approximately  2^  h.  The  main  purpose  of  this  exercise 
was  to  investigate  the  degree  of  correlation  between 
brightness  at  a  fixed  angle  and  the  temperature  mea- 
sured at  various  levels  on  the  meteorological  tower;  all 
microwave  data  were  recorded  at  5°  elevation.  Fig.  13 
presents  brightness  temperatures  at  53.5  and  54.5  (.Hz 
vs  tower  temperature  at  two  levels.  The  sampling  period 
was  5  min. 

Note  the  relatively  abrupt  drop  in  microwave  bright- 
ness temperature  that  coincides  wiih  the  breakup  of 
the  inversion  shortly  after  0700.  The  observed  behavior 
suggests  the  possibility  that  correctly  interpreted  direct 
brightness  data  at  a  fixed  elevation  angle  mav  be  a 


Ji 

0500  0600  0700  0800 

I  ocal  Time  (MDT) 

Fig.  13.  Comparison  of  microwave  brightness  temperatures  with 
tower  temperatures  at  two  levels. 


better  indicator  of  atmospheric  temperature  at  given 
heights  than  previously  thought.  Certainly,  future  ex- 
periments should  evaluate  this  possibility  by  stressing 
brightness  vs  tower  temperature  measurements  equally 
with  angle  scan  measurements. 

10.  Summary  and  conclusions 

In  this  paper  we  have  presented  results  of  an  experi- 
ment designed  to  compare  direct  and  indirect  soundings 
of  vertical  temperature  profiles  at  White  Siinds  Missile 
Range.  Direct  observations  of  temperature  profiles  were 
taken  by  radiosondes',  by  helicopters,  and  by  sensors  on 
a  150  m  meteorological  tower.  Passive  indirect  sound- 
ings were  obtained  using  a  two-channel  microwave 
radiometer  operating  at  53.5  and  54.5  GHz  in  the  02 
band.  Statistical  inversion  of  the  microwave  data  re- 
sulted in  an  average  rms  temperature  error  of  2.0  K  up 
to  3  km  for  13  profiles. 

The  theoretical  technique  of  Backus  and  Gilbert  was 
applied  to  determine  the  vertical  resolution  or  spread 
that  can  be  achieved  by  our  ground-based  microwave 
radiometer  operating  in  a  variable  elevation  angle  mode. 
The  spread  is  an  increasing  function  of  altitude  with 
values  of  —  75  m  near  the  surface  to  ~  1  km  at  a  height 
of  ~3  km.  Theoretical  estimates  of  accuracy  in  re- 
trieving thermal  profiles  were  less  than  1.3  K.  up  to 
about  3  km  for  radiometer  noise  levels  of  1.0  K. 

The  microwave  temperature  retrievals  exhibited  gem 
erally  good  agreement  with  directly  measured  profiles. 
When  there  were  significant  departures  between  inferred 
and  directly  measured  profiles,  similar  departures  were 
present  between  calculations  and  measurements  of 
brightness.  Much  of  this  discrepancy  seems  to  be  due 
to  substantial  changes  in  the  low-altitude  temperature 
profile  during  the  period  of  measurements  (—45  min). 
The  available  tower  data  tend  to  confirm  this  hypothe- 
sis. Comparison  of  tower  data  (when  available)  with 
plots  of  microwave  brightness  vs  elevation  angle  re- 
vealed that  temporal  changes  in  the  temperature  profile 
were  affecting  the  microwave  data.  Oscillations  in  tem- 
perature profiles  gave  rise  to  similar  oscillations  in  the 
angular  brightness  curves.  In  several  instances  when 
the  tower  data  were  not  available,  similar  features  were 
present  in  the  microwave  plots.  We  may  reasonably 
conclude  that  the  present  technique  gives  a  poor  repre- 
sentation of  a  temperature  profile  that  is  rapidly  chang- 
ing with  time.  On  the  other  hand,  the  technique  may 
give  a  better  representation  of  the  time-averaged  tem- 
perature structure  than  a  single  radiosonde.  The  time 
required  for  a  complete  brightness  scan  could  reason- 
ably lie  reduced  to  15  min  with  modifications  of  present 
equipment. 

The  ability  of  the  microwave  technique  to  indicate 
the  presence  or  absence  of  ground-based  temperature 
inversions  was  successfully  demonstrated.  In  most  cases, 
the  inversion  heights  are  accurately'  recovered;  some 
differences  in  radiosonde  and  inferred  measurements  of 
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the  inversion  intensity  may  be  the  result  of  rapidly 
changing  profiles  as  discussed  above. 

The  correlation  between  fixed  angle  brightness  and 
tower  temperatures  at  a  fixed  height  was  quite  good. 
Future  experiments  should  gather  a  much  larger  data 
base  under  a  wide  variety  of  profile  conditions  to  deter- 
mine to  what  degree  and  on  what  lime  scale  these 
fluctuations  can  be  correlated. 

The  success  of  the  radiometer  to  retrieve,  with  a 
resolution  that  degrades  with  height,  smoothed  features 
of  the  thermal  profile  suggests  that  the  technique  could 
supplement  satellite  soundings  in  the  first  300  nib  above 
the  surface.  An  automated  system,  with  a  microwave 
window  channel,  could  be  used  in  remote  regions  to 
provide  profile  information  routinely,  except  during 
precipitation.  Research  is  currently  underway  to  deter- 
mine the  feasibility  of  radiometric  sensing  of  tempera- 
ture profiles  from  ocean-based  data  buoys. 
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ABSTRACT 

Significant  Doppler  lidar  returns  have  been  observed  from  snow  and  rain.  This  demonstrates  the  feasibility 
of  measuring  velocity  and  range  of  hydrometeors  with  10.6-^m  wavelength  CO;  laser  lidar. 


1.  Introduction 

The  application  of  visible  wavelength  lidar  to  me- 
teorological aerosol  distribution  problems  has  been 
reviewed  by  Collis  (1970)  and  others.  An  extension 
of  the  lidar  concept  to  include  Doppler-shift  informa- 
tion from  aerosol  particles  allows  remote  measurement 
of  mean  wind  velocity  (Lawrence  el  ah,  1972).  This 
work,  based  on  homodyne  detection  (in  the  radar 
sense)  of  the  Doppler-shifted  backscatter  from  the 
aerosols,  requires  a  C<)2  laser  for  ranges  of  30  m  or 
more  in  the  turbulent  atmosphere. 

Our  work  extends  the  concept  of  lidar  detect  inn  of 
aerosols  to  the  detection  of  hydrometeors  in  the 
atmosphere.  The  advantages  of  the  10.6-yum  CO>  laser 
wavelength  for  hydrometeor  lidar,  compared  to  visible- 
wavelengths,  include  such  factors  as:  1)  lower  sky 
background  noise  power,  2)  eye  safety,  3)  much 
smaller  refractive  effects  from  the  turbulent  atmo- 
sphere, 4)  larger  backscatter- to-forward-scatter  ratio, 

5)  superior  haze   and  precipitation  penetration,   and 

6)  greater  laser  power  conversion  efficiency  and  fre- 
quency stability.  However,  water  is  much  more  strongly 
absorbing  at  a  10.6  nm  wavelength  than  at  visible 
wavelengths,  and  it  was  not  clear  from  previous  work 
that  hydrometeors  would  yield  a  detectable  lidar  signal. 

Detecting  the  fall  velocity  and  particle  density  of 
hydrometeors  has  such  applications  as  objectively 
classifying  precipitation  type,  remotely  detecting  pre- 
cipitation above  a  region  of  sea  spray,  and  estimating 
precipitation  rate. 

2.  Apparatus 

A  frequency-stable,  single-longitudinal-mode  CO-., 
laser  served  as  transmitter  and  local  oscillator  for  the 
system.  This  unit  operated  at  an  average  power  of 
1  VV,  cw.  The  backscattered  signal  was  mixed  with 
the  local  oscillator  on  a  cooled  Hg:Cd:Te  infrared 
detector,  which  has  a  flat   frequency  response   to  at 


least  10  .MHz.  This  detector  was  illuminated  by  using 
a  XaCl  beamsplitter. set  to  deflect  some  of  the  laser 
energy  through  a  XaCl  lens  to  the  detector  element. 

A  30-cm  modified  Gregorian  telescope  could  be 
optionally  used  as  both  a  transmitter  and  receiver 
element.  When  the  telescope  was  used,  the  probed 
volume  of  the  atmosphere  was  the  small  focus  volume 
of  the  system,  ~5  cm3.  When  no  telescope  was  used, 
returns  came  from  a  much  larger  region  of  the  pre- 
cipitation, estimated  to  be  2  cm  diameter  by  15  m  long. 
The  angle  of  view  of  the  horizontal  optical  system 
was  directed  upward  at  45°  elevation  through  an  open 
laboratory  window.  Fig.  1  indicates  schematically  the 
layout. 

The  detector  signal,  after  amplification  by  a  broad- 
band preamplifier,  passed  to  a  swept-filter  spectrum 
analyzer.  Data  consisted  of  observed  or  photographed 


CO,  LASER 


Spectrum 
Analyzer 


Fig.  1.  Schematic  of  experimental  apparatus.  The  CO;  laser 
emission  is  transmitted  either  directly  or  through  a  focusing  tele- 
scope. Colinear  backscattered  radiation  is  reflected  from  the  laser 
output  mirror  and  or  is  nonresonantly  amplified  in  a  double  pass 
through  the  laser  discharge.  The  beamsplitter  samples  the  return 
together  with  the  laser  main  beam  as  local  oscillator. 
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Fig.  2.  Typical  Doppler  lidar  return  from  snowfall  for  a  Doppler 
calibration  of  188.9  kHz  per  m  sec-1  of  radial  velocity  component. 
Analyzer  scan  time  20  msec,  1  kHz  filter  width,  500  kHz  scan 
width. 


calibrated  spectrum-analyzer  oscilloscope  displays.  In- 
tensity peaks  as  a  function  of  frequency  identify  the 
velocities  of  the  scattering  particles  in  the  beam  as 
well  as  giving  more  qualitative  information  on  particle 
velocity  and  number  density  distributions. 

3.  Observations 

With  the  telescope  in  the  system,  the  Doppler  signal 
from  hydrometeors  was  very  intermittent.  At  a  range 
of  ~  15  m  with  the  5  cm3  focal  volume,  only  individual 
particles  were  observed  during  a  sampling  period 
$5  1  sec.  Integration  of  the  spectrum  analyzer  output 
for  103  sec  or  more  in  a  digital  averager  is  required 
to  make  useful  observations  on  particle  distributions 
with  close-focus  optics.  A  detected  Doppler  burst  oc- 
curred when  a  hydrometeor  passed  through  the  sam- 
pling region  at  the  instant  the  spectrum  analyzer  was 
sweeping  the  frequency  appropriate  to  the  particle 
velocity.  For  a  spectrum  analyzer  duty  cycle  (filter 
bandwidth -=- frequency  sweep)  of  2%,  the  signal  ob- 
servation rate  with  the  telescope  was  approximately 
0.05  sec"1,  for  cases  similar  to  the  snow  observations 
discussed  later. 

Removing  the  telescope  sacrifices  range  information 
for  an  enlarged  (indefinite)  spatial  sampling  volume. 
With  such  a  sampling  volume  in  snowfall,  for  example, 
an  essentially  continuous  Doppler  signal  was  observed. 
A  significant  feature  was  the  adequate  homodyne 
signal  level,  even  with  small  collection  optics  of  less 
than  5  mrad  receiver  aperture. 

Fig.  2  is  redrawn  from  a  typical  snowfall  observa- 
tion. Signal  peaks  occur  at  100  and  170  kHz,  although 
it  is  obvious  that  a  wide  range  of  frequencies  from 
approximately  75  to  200  kHz  were  generated  by  the 
hydrometeor  scatter.  Applying  the  Doppler  calibration 
factor  (Lawrence  el  al.,  1972)  of  188.9  kHz  per  m  sec-1 


for  10.59-jum  radiation  to  the  intensity  peaks,  radial 
hydrometeor  velocities  of  approximately  0.53  to  0.90  m 
sec-1  are  indicated.  If  we  assume  vertical  fall  with  a 
measured  45°  lidar  elevation  angle,  hydrometeor  fall 
velocities  of  0.75  to  1.27  m  sec-1  are  suggested,  which 
is  reasonable  for  snowfall  (Langleben,  1954). 

Interpreting  Fig.  2  requires  some  care  since  the 
data  represent  neither  a  time  average  nor  an  instan- 
taneous average  over  a  large  number  of  particles  in 
a  distribution.  Significant  changes  in  the  Doppler 
spectrum  occurred  over  intervals  of  a  few  seconds. 
The  two  signal  peaks  represent  aggregates  of  a  few 
particles  or  ranges  where  different  radial  velocities 
occurred.  Some  of  the  substructure  may  have  been 
due  to  orientational  motion  of  the  snow  or  to  micro- 
scale  turbulent  fluctuations.  The  spread  in  observed 
fall  velocities  is  larger  than  expected  for  the  free 
atmosphere.  Flow  perturbations  near  the  building 
affected  the  velocity  distribution,  particularly  the 
spread. 

Data  similar  to  those  in  Fig.  2  were  observed  from 
rain.  Of  course,  the  signal  peaks  occurred  at  higher 
frequencies.  Qualitatively,  the  rain  return  was  less 
intense  and  more  intermittent  then  the  snow  back- 
scatter,  but  the  rain  data  showed  less  spread  in  velocity 
space.  Generally,  one  expects  a  larger  percentage  velocity 
spread  for  rain  than  for  snow,  in  contrast  to  these 
observations.  The  anomalously  large  spread  in  snow 
data,  due  to  flow  perturbations,  explains  the  relative 
differences.  Rain  fall  velocities  were  in  the  range  ex- 
pected from  Gunn  and  Kinzer  (1949). 

The  apparatus  is  not  yet  suited  to  a  meaningful 
quantitative  measurement  of  backscattered  intensity 
or  comparison  of  snow  and  rain  signal  magnitudes. 
Mie  theory  is  likewise  not  developed  sufficiently  to 
calculate  snow  backscatter  at  the  large  size  parame- 
ters involved  in  the  10.6  yum  lidar.  The  principal 
objective  of  the  experiment,  to  test  the  observability 
of  hydrometeors  by  means  of  10.6-/um  Doppler  lidar, 
is  supported  by  the  spectrum-analyzer  data. 

4.  Extensions  and  conclusions 

An  expansion  of  the  sampling  volume  for  the  tele- 
scope-based system,  by  extending  the  useful  range  or 
reducing  the  primary  mirror  diameter,  would  reduce 
the  intermiltency  problem.  Even  more  improvement 
in  signal  rate,  while  still  retaining  the  range  informa- 
tion that  is  lost  with  the  unfocused  setup,  would 
accrue  from  substituting  a  frequency-tracking  hetero- 
dyne filter  for  the  low-duty-cycle,  scanning  spectrum 
analyzer.  A  tracking  filter  operates  with  essentially 
100%  duty  factor  for  the  peak-intensity  component 
in  the  frequency  spectrum. 

Sophistication  of  the  optical  system,  including  in- 
creased laser  power,  is  an  obvious  possibility  for 
increasing  signal  level  and  effective  range.  Our  re- 
ported experiment  was  not  signal-level  limited  for  the 
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close  ranges  studied,  even  in  the  unfocused  case  where  identification,  classification,  and  motion  in  an  auto- 
the  effective  signal-collection  optics  were  very  small.  mated,  unmanned  observing  station  as  well  as  to 
We  plan  quantitative  measurements  of  backscatter  severe  storm  investigations  may  well  utilize  the  inter- 
intensity  from  hydrometeors  to  clarify  the  signal-level  action  of  hydrometeors  with  CO2  laser  Doppler  probes, 
question. 

The  addition  of  fall  velocity  information  to  trans-  REFERENCES 
missometer  data  on  snowfall  rate    (Robertson,    1973) 

should  serve  to  refine  or  possibly  supplant  such   rate  Mollis,  *•  T-  ?•  1970:  Lidar.  Appl.  Opt.,  9,  1782-1788. 

,           .                    .                                             r  Gunn,  R.,  and  G.  D.  Kinzer,  1949:  the  terminal  velocity  of  fall 

data,  tor  example.            ^                                              ^  for  water  dropiets  in  stagnant  air.  J.  Meteor.,  6,  243-248. 

Hydrometeor  velocities,  velocity  distributions,  and  Langleben,  M.  P.,  1954:  The  terminal  velocity  of  snow  aggregates, 

information    on    number    density    are    accessible    to  Quart.  J.  Roy.  Meteor.  Soc,  80,  174-181. 

10.6-Mtn  Doppler  lidar  sensing  techniques.  Such  lidar  Lawrence,  T.  R„  D.  J.  Wilson,  C.  E.  Craven,  I.  P.  Jones,  R.  M. 
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At  the  Wave  Propagation  Laboratory  (WPL)  of  the  National  Oceanic  and  Atmospheric  Administration 
(NOAA) ,  we  have  considerable  experience  in  the  development  of  techniques  of  measuring  wind  and  refractive 
turbulence  C2  using  both  active  and  passive  optical  sources.   From  the  initial  development  of  our 
path-average  laser  wind  sensor,  we  have  further  developed  systems  for  measuring  horizontal  profiles  of 
wind  and  C  .   Recently,  we  have  constructed  a  passive  wind  sensor  that  requires  no  active  light 
source;   It  responds  to  fluctuations  of  light  reflected  from  a  target  to  determine  the  path-averaged 
crosswind.   Finally,  we  have  made  recent  progress  in  the  application  of  the  horizontal-path  techniques 
to  the  problems  of  remotely  sensing  wind  and  C2  profiles  aloft  from  observations  of  stellar  scintillations. 
In  this  paper,  we  analyze  the  principles  of  operation  of  these  devices  and  compare  their  performance 
with  more  conventional  meteorological  instruments. 

1.  INTRODUCTION 

In  recent  years,  many  authors  (LAWRENCE,  R.  S.  et  al.,  1972;   LEE,  R.  W. ,  1974;   WANG,  T-i, 
et  al.,  1974;   SHEN,  L. ,  1970,   ISHIMARU,  A.,  1972;   MANDICS,  P. A. ,  et  al.,  1973;   HARP,  J.  C. ,  1971; 
MANDICS,  P.  A.,  1971;   and  KJELAAS,  A.  G.  and  G.  R.  OCHS,  1974)  have  considered  the  possibility  of 
remote  probing  of  winds  over  optical,  microwave,  and  acoustic  paths.   At  the  Wave  Propagation  Laboratory 
of  NOAA,  we  have  demonstrated  (LAWRENCE,  R.  S.  et  al.,  1972)  the  feasibility  of  using  a  line-of-sight 
laser  link  to  measure  the  path-averaged  crosswind.   From  the  initial  development  of  our  path-average 
laser  wind  sensor,  we  have  further  developed  techniques  for  measuring  horizontal  profiles  of  crosswind 
and  refractive  turbulence  (WANG,  T-i,  et  al.,  1974).   More  recently,  we  have  constructed  a  passive 
wind  sensor  that  measures  wind  without  the  need  of  a  light  source  (CLIFFORD,  S.  F.  et  al,  1974).   This 
system  responds  to  the  fluctuations  of  light  from  a  naturally  occurring  scene  such  as  the  horizon  or  a 
hillside. 

We  at  NOAA  (OCHS,  C.  R. ,  et  al.,  1974)  and  others  (VERNIN,  J.  and  F.  RODDIER,  1973)  have 
measured  winds  aloft  from  observations  of  stellar  scintillations  and  we  are  currently  testing  a  device 
to  measure  vertical  profiles  of  refractive  turbulence.   The  vertical  distribution  of  refractive 
turbulence  is  important  to  know  since  it  is  refractive  turbulence  that  limits  our  ability  to  resolve 
objects  in  orbit  and  produces  enhanced  error  rates  in  optical  communication  systems.  We  will  review 
progress  in  each  of  the  above  areas  with  emphasis  on  techniques  to  remotely  sense  meteorological 
information  relevant  to  the  design  of  optical  systems. 

2.  THEORY  OF  OPERATION 

Each  of  the  techniques  mentioned  is  an  outgrowth  of  our  path-average  laser  system  and, 
because  of  this  fact,  they  have  quite  similar  principles  of  operation.   Figure  1  shows  the  general 
configuration  of  our  laser  sensor.   A  laser  beam,  diverged  to  approximate  a  point  light  source, 
illuminates  two  detectors.   The  temperature  irregularities  along  the  optical  path  produce  irradiance 
fluctuations  at  each  of  the  detectors.   As  the  wind  advects  these  irregularities  across  the  laser 
beam,  the  irradiance  fluctuations  that  they  produce  propagate  from  one  detector  to  the  other  in  a  time 
of  the  order  of  q/vl   where  p  is  the  sensor  spacing  and  v   is  the  transverse  wind  speed.   If  we 
time-lag  correlate  the  signals  observed  by  the  two  detectors,  we  obtain  the  normalized  covariance 
function  shown  in  Figure  2.   The  wind  speed  information  is  contained  in  both  the  time  lag  to  the  peak 
of  the  covariance  function  and  the  slope  at  zero  time  lag.   We  compute  the  slope  at  zero  time  lag  to 
determine  the  wind  speed  rather  than  the  peak  delay  because  the  former  is  a  linear  function  of  windspeed 
and  the  latter  is  non-linear  (LAWRENCE,  R.  S. ,  et  al.,  1974).   Also,  the  slope  technique  is  much  less 
sensitive  to  random  temporal  fluctuations  in  the  spatial  scintillation  pattern  than  the  peak  delay 
technique  (LAWRENCE,  R.  S. ,  et  al.,  1974). 

Figure  3  shows  a  typical  sample  of  a  laser  wind  sensor  record  compared  with  the  more  con- 
ventional anemometer  measurements.   The  top  record  is  the  reading  of  the  optically  derived  wind  speed 
transverse  to  a  300  m  laser  beam.   The  lower  record  is  the  average  wind  speed  measured  by  six  propellor 
anemometers  spaced  uniformly  along  the  optical  path.   The  agreement  between  the  two  curves  is  excellent 
showing  that  the  laser  wind  sensor  can  be  effectively  employed  to  measure  winds  wherever  a  spatially- 
averaged  value  is  desirable,  as  in  determining  crosswinds  along  airport  runways,  measuring  the  flow  of 
pollutants  down  a  valley,  or  by  using  a  triangular  array  of  such  sensors  to  measure  a  spatially  averaged 
divergence  of  the  wind  field. 

3.  THE  PASSIVE  WIND  SENSOR 

In  certain  applications  where  a  two-ended  system  is  impossible  or  impractical;   as  when  one 
end  of  the  optical  path  is  inaccessible,  the  laser  wind  sensor  cannot  operate.   To  overcome  this 
limitation  we  have  developed  a  modification  of  our  optical  wind  sensor  (CLIFFORD,  S.  F. ,  et  al.,  1974) 
that  measures  the  path-averaged  crosswind  by  observing  the  fluctuations  in  irradiance  of  a  naturally 
illuminated  scene  such  as  a  sunlit  hillside,  a  forest,  or  a  variety  of  other  natural  targets.   Figure  4 
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illustrates  the  geometry  of  the  passive  wind  sensor.   Two  detectors  having  a  two-dimensional  sensitivity 
spectrum  H2  are  separated  by  a  distance  p  and  observe  the  fluctuations  in  irradiance  from  ambient 
light  reflected  off  the  target.   As  before,  we  compute  the  time-lagged  covariance  of  the  two  detectors 
and  determine  the  wind  from  the  slope  at  zero  delay.   This  technique  is  more  complicated  than  the  laser 
system  because  we  now  must  specify  the  spectral  density  of  the  scene  Q2   to  determine  the  weighting 
function  for  the  measured  wind.   For  example,  Figure  5  illustrates  the  wind  weighting  function  for  the 
case  of  a  trailer  observed  by  two  detectors  arranged  in  the  configuration  shown  in  the  lower  left 
corner.   The  detectors  are  narrowband  spatial  filters  of  wavelength   2.5v^AT,  where   A   is  the  mean 
frequency  of  the  reflected  light  and   L   is  the  distance  to  the  target.   The  tendency  of  the  passive 
sensor  to  emphasize  the  winds  near  the  receiver  is  characteristic  of  the  device  and  applies  to  nearly 
all  scene  spectra.   In  the  upper  right  corner  of  Figure  5,  we  show  the  behavior  of  the  passive  sensor 
compared  with  the  average  of  10  anemometers  spaced  uniformly  along  the  optical  path.   The  agreement  is 
quite  satisfactory.   Finally,  Figure  6  shows  a  similar  comparison  for  the  same  target.   We  have  plotted 
the  reading  of  the  passive  wind  sensor  and  the  average  of  the  five  anemometers  closest  to  the  receiver. 
The  optical  system  gain  (upper  trace)  was  increased  to  displace  the  curves  for  convenient  comparison. 
The  agreement  in  detail  is  quite  remarkable. 

4.        WIND  AND  REFRACTIVE  TURBULENCE  PROFILING 

In  some  applications,  it  may  be  desirable  to  obtain  profiles  of  wind  and  refractive-turbulence 
intensity  C2.   We  accomplish  this  by  crossing  two  laser  beams  (see  Figure  7)  so  that  their  common 
volume  is  located  at  the  path  position  that  we  wish  to  probe.   (The  two  beams  must  be  offset  in  the 
horizontal  direction  to  measure  wind.)   If  we  again  calculate  the  time-lagged  covariance  function  of 
two  horizontally  separated  sensors  each  looking  independently  at  one  of  the  beams  (we  accomplished  this 
by  polarization  coding  of  the  two  beams--the  upper  detectors  in  Figure  7  would  see  only  the  horizontally 
polarized  light  from  the  lower  laser  and  the  lower  detectors  only  the  vertically  polarized  light  from 
the  upper  laser),  the  resultant  signal  will  depend  only  on  the  effects  of  the  turbulence  within  the 
common  volume  of  the  two  beams. 

In  Figure  8,  we  have  plotted  the  theoretical  path-weighting  function  for  C2 (solid  curve) 
along  with  experimental  data  points  (crosses)  obtained  with  fine  wire  temperature  probes.   We  calculate 
C2   from  C2   the  temperature  structure  parameter,  by  using  the  equation  (LAWRENCE,  R.  S. ,  et  al., 
1§70) 

2 

C2  =  [(79p/T2)10"6]   C.2.  (1) 

where  p  is  the  background  pressure  in  millibars  and  T  is  the  temperature  in  Kelvin.  The  fine  wire 
probes  measure  the  small  fluctuations  in  temperature  at  two  different  points.  The  probe  responses  are 
then  subtracted,  squared,  and  averaged  to  obtain  C2   i.e., 


C2  =  <[T(x)-T(x+r)]2>/r2/3  (2) 


where  r  is  the  separation  of  the  two  temperature  sensors  and  the  angle  brackets  indicate  an  ensemble 
average.   (C2  may  be  considered  the  mean  square  difference  in  temperature  of  two  thermometers  separated 
a  unit  distance.)   The  data  points  in  Figure  8  are  determined  by  having  a  computer  take  the  five 
measured  values  of  C2   and  multiply  them  by  appropriate  weights  to  maximize  the  correlation  between 
the  optical  covariance  measurement  (a  function  of  C2(z))  and  this  weighted  sum  of  C2  values.   So,  the 
resulting  curve  depicts  the  relative  importance  of  refractive  turbulence  at  each  path  position  for 
producing  our  optical  measurement.   We  may  increase  our  path  resolution,  i.e.,  narrow  the  weighting 
function,  by  simultaneously  increasing  the  vertical  separation  of  the  transmitters  and  receivers.   We 
change  path  positions  by  independently  increasing  or  decreasing  the  transmitter's  or  receiver's  vertical 
separation.   We  obtained  the  midpath  crossover  and  the  re-solution  shown  in  Figure  8  by  separating  the 
transmitters  and  receivers  by  1.8  Fresnel  zones  /XL,      where   A  is  the  wavelength  of  the  radiation  and 
L  is  the  optical  pathlength. 

Similarily,  we  may  measure  transverse  windspeed  in  the  common  volume  of  the  two  beams  (provided 
they  are  offset  slightly  in  the  horizontal  direction)  by  measuring  the  slope  of  the  time  lag  covariance 
function  at  zero  delay.   Figure  9  illustrates  the  type  of  weighting  function  expected  (solid  line)  and 
the  experimental  points  derived  from  the  measurements  of  five  anemometers.   We  obtained  the  crossover  at 
midpath  and  the  path  resolution  shown  by  vertically  separating  the  transmitters  and  receivers  by  1.8 
Fresnel  zones   /XL  and  using  a  horizontal  beam  offset  of  0.3  Fresnel  zones.   Again,  if  we  increase  the 
vertical  separation  the  peak  will  narrow.   For  further  discussion  and  a  more  complete  description  of 
the  systems  advantages  and  limitations  see  WANG  et  al.  1974. 

5.        MEASUREMENTS  OF  WINDS  AND  C2  ALOFT 

n 

There  are  extremely  interesting  applications  of  the  above-mentioned  techniques  for  measuring 
winds  and  C2  aloft  from  observations  of  stellar  scintillations.   Vertical  profiles  of  wind,  remotely 
sensed  at,  say,  10  levels,  provide  invaluable  data  for  weather  forecasting.   Remotely  sensed  profiles 
of  C  provide  the  necessary  information  to  determine  the  performance  degrading  effects  of  atmospheric 
turbulence  on  such  optical  systems  as  telescopes  and  optical  communication  links.   In  a  recent  report 
(OCHS,  G.  R. ,  et  al.,  1974),  we  analyzed  several  techniques  for  remotely  measuring  wind  and  C2  aloft. 

Figure  10  is  a  photograph  of  an  instrument  that  we  designed  to  measure  horizontal  winds 
aloft.  The  system  consists  of  four  photomultipliers  arranged  orthogonally  in  pairs  as  shown  in 
Figure  11.  One  pair  (1-2)  measures  the  slope  of  the  time-lag  covariance  function  at  zero  delay  while 
a  servo  system  rotates  the  mount  so  that  this  quantity  is  maintained  at  zero.   When  this  pair  of 
detectors  registers  zero  wind  speed  parallel  to  their  separation,  the  other  two  detectors  (3-4)  are 
oriented  parallel  to  the  horizontal  wind.   We  then  compute  the  wind  speed  by  measuring  the  delay  to  the 
peak  of  the  covariance  function  of  the  observed  stellar  scintillations  and  dividing  this  number  into 
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the  detector  separation.   From  the  mount  orientation  and  the  delay  to  the  peak,  we  can  then  determine 
the  wind  speed  and  direction. 

Figure  12  shows  the  optically  measured  wind  velocities  compared  with  those  determined  by  a 
rawinsonde  launched  55  km  away  during  3  days  in  March  1972.   From  the  geometry  of  our  system,  and  the 
use  of  5-cm  apertures  separated  a  distance  of  6.5  cm,  we  expected  the  wind  reading  to  be  largely 
determined  by  winds  near  the  tropopause.   We  then,  somewhat  arbitrarily,  compared  our  velocity  measure- 
ments with  the  average  of  the  rawinsonde  data  above  the  tropopause.   In  Figure  12  there  is  good  agreement 
in  direction  and  poorer  agreement  in  wind  speed,  but  the  overall  correlation  between  the  two  sets  of 
data  is  quite  good  considering  the  more  than  SO  km  separation  between  the  optical  instrument  and  the 
rawinsonde  launching  site. 

To  measure  profiles  of  wind  or  C2,  we  must  have  much  better  height  resolution  than  that  - 
afforded  by  the  simple  two  circular  aperture  system.   We  have  undertaken  a  theoretical  study  of  our 
ability  to  measure  profiles  using  narrow  band  spatial  filtering  of  stellar  scintillation  (OCHS,  G.  R. 
et  al.,  1974).   From  the  diffraction  theory  of  the  production  of  scintillation,  we  expect  that  at  each 
height  range  one  eddy  size  of  refractive  turbulence,  the  one  that  is  a  Fresnel  zone  for  the  rest  of  the 
optical  path  to  the  ground,  will  be  the  most  important  contributor  to  scintillation  from  that  given 
height.   If  we  adjust  our  spatial  filter  to  select  only  that  wavelength  disturbance  in  the  received 
scintillation  pattern,   then  we  should  be  observing  scintillation  produced  by  refractive  turbulence 
primarily  at  that  height.   Of  course,  spatial  filters  have  side  lobes  and  the  theory  shows  that  other 
heights  will  contribute  to  the  observation  at  a  given  spatial  wavelength,  but  we  would  expect  the 
weighting  function  to  have  some  sort  of  emphasis  in  the  desired  height  range.   We  are  trying  to  discover 
how  well  we  can  determine  a  height  profile  of  wind  and  C2,  i.e,  how  many  levels  and  with  what  height 
averaging,  by  constructing  a  weighted  sum  of  measurements  of  many  different  spatial  wavelength  detectors. 
By  adding  and  subtracting  these  data,  we  can  synthesize  an  optimum  weighting  function.   Preliminary 
evidence  indicates  that  we  are  able  to  obtain  C  profiles  averaged  over  six  height  ranges  using  observations 
of  a  single  star.   The  height  averaging  interval  ranges  from  about  2  km  for  the  lowest  altitude  to  5  km 
for  the  highest  altitude  data. 

The  technique  of  looking  at  a  single  star  can  be  modified  in  the  same  way  as  we  did  for  our 
horizontal  path  work.   For  example,  we  could  look  at  binary  stars  (ROCCA,  A.,  et  al.,  1974),  or  two 
points  on  the  limb  of  the  sun  or  moon  and  obtain  weighting  functions  quite  analogous  to  our  laser 
technique  (OCHS,  G.  R.  et  al . ,  1974).   Many  modifications  of  the  horizontal  techniques  have  potential 
for  vertical  profile  work. 

6.        DISCUSSION 

We  have  discussed  recent  progress  at  NOAA  in  the  remote  sensing  of  winds  and  refractive 
turbulence  using  optical  techniques.   The  ability  to  remotely  sense  these  quantities  has  impact  on  such 
varied  fields  as  weather  forecasting,  astronomical  and  satellite  imaging  with  telescopes,  ballistics 
and  optical  communication  systems.   Remote  sensing,  as  opposed  to  in-situ  measurements,  provides  the 
only  hope  of  acquiring  sufficient  quality  and  quantity  of  data  to  understand  fully  and  to  compensate 
for  the  performance  degrading  effects  of  atmospheric  turbulence  on  optical  systems. 
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DETECTOR  H 

Fig.  1.    The  general  arrangement  used  to  measure  the  average  component  of  the  wind  across  a  laser 
beam,  parallel  to  the  spacing  of  two  detectors. 


I"ig. 


A  schematic  of  the  normalized  covariance  function,  showing  the  delay  to  the  peak  and  the 
slope  at  zero  time  lag. 
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Fig.  3.    A  24  hr  comparison  between  the  optically  measured  wind  V   and  the  mean  of  six  propellor- 
type  anemometers  spaced  evenly  along  the  300  m  test  path. 
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H  -  Power  spectral  density  of  the  detectors 

Fig.  4.   Schematic  of  the  operation  of  our  passive  optical  wind  sensor  showing  the  covariance  function 
output  of  the  two  detectors  observing  a  random  scene. 
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Fig.  5.    Comparison  of  the  passive  wind  sensor  reading  with  the  average  of  10  anemometers  spaced 

uniformly  along  a  500  m  test  path.   Also  shown  are  the  detector  configuration  and  the  path 
weighting  function. 
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Fig.  6.    Comparisons  of  the  transverse  wind  speed  measured  by  the  passive  optical  system  with  the 

average  of  wind  speeds  measured  by  five  anemometers  equally  spaced  on  the  half  of  the  500  m 
path  nearest  the  instrument. 
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Fig.  7.    Diagram  of  our  wind  profiling  instrument  showing  two  vertically  separated  lasers  and  two  sets 
of  sensor  pairs  separated  vertically  and  offset  slightly  in  the  horizontal  direction. 


Fig.  8.    Theoretical  weighting  function  for  C2  (solid  curvej  with  five  experimental  weights  (crosses) 
determined  by  high-speed  temperature  sensors. 
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Fig.  9.   Theoretical  weighting  function  for  transverse  wind  (solid  curve)  with  crosses  and  circles 

representing  experimental  weights  determined  from  propellor-type  anemometer  measurements  of 
crosswind. 


Fig.  10.   Optical  system  for  measurement  of  high  altitude  winds. 
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Fig.  11.   Block  diagram  of  high-altitude  wind  measurement  system. 
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Fig.  12.   Comparison  of  optical  wind  measurements  and  rawinsonde  data  during  March  1972. 
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Optical  wind  sensing  by  observing  the 
scintillations  of  a  random  scene 

S.  F.  Clifford,  G.  R.  Ochs,  and  T-i.  Wang 


We  demonstrate  the  feasibility  of  using  a  naturally  illuminated  scene,  such  as  a  hillside  or  forest,  as  a  pas- 
sive optical  source  to  measure  the  path-averaged  crosswind  between  the  scene  and  the  observer.  The  re- 
sultant path  weighting  function  for  the  crosswind  cannot  be  varied  arbitrarily,  but  we  can  obtain  a  useful 
range  of  weighting  functions  by  adjusting  the  geometry  of  the  receiver. 


I.      Introduction 

In  recent  years,  many  authors1-9  have  considered 
the  possibility  ot  remote  probing  of  winds  over  opti- 
cal, microwave,  and  acoustic  paths.  We  have  demon- 
strated the  feasibility  of  using  a  line-of-sight  laser 
link  to  measure  the  average  crosswind  over  an  optical 
path.1  The  resulting  data  have  produced  wind  infor- 
mation that  is  both  more  sensitive  and  more  repre- 
sentative for  mesoscale  meteorological  applications 
than  a  practical  number  of  traditional  anemometers 
could  provide. 

The  use  of  the  laser  wind  sensor  is  severely  re- 
stricted in  applications  where  terrain  is  rugged  or 
where  one  end  of  the  path  is  inaccessible.  Often  in 
some  of  the  most  interesting  applications,  such  as 
measuring  the  flow  of  pollutants  down  a  mountain 
valley,  we  encounter  difficulties  of  this  type.  In  this 
paper,  we  propose  a  modification  of  the  laser  tech- 
nique that  measures  the  path-averaged  crosswind  by 
observing  fluctuations  in  light  intensity  (scintilla- 
tions) of  a  naturally  illuminated  scene,  such  as  a  sun- 
lit hillside,  a  forest,  or  buildings.  This  socalled  pas- 
sive wind  sensor  eliminates  the  need  for  the  double- 
ended  path,  and,  because  of  this,  it  has  great  poten- 
tial for  overcoming  the  limitations  of  the  laser  tech- 
nique. 

Analysis  of  the  passive  wind  sensor  involves  the 
same  variables  as  the  active  laser  system  with  one  ad- 
ditional complication:  namely,  we  must  now  specify 
the  two-dimensional  spatial  spectrum  of  the  observed 
scene,  which,  in  general,  is  not  the  same  as  the  white 
spectrum  of  a  laser  point  source. 

Figure  1  illustrates  a  typical  scene  spectrum.  In 
the  theory  to  follow,  we  account  for  variations  in 
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scene  spectra  and  analyze  the  impact  of  these 
changes  on  such  quantities  as  the  path  weighting 
function  and  wind  system  calibration. 

II.     Theory 

The  general  theory  of  passive  wind  sensing  is  de- 
rived from  the  analysis  of  the  propagation  geometry 
seen  in  Fig.  2.  A  ppint  source  light,  located  at  (p,0), 
illuminates  a  differential  phase  screen  of  wavenum- 
ber  K  at  r  =  (p,z),  and  the  scattered  field  is  observed 
by  a  detector  at  (p\,L).  The  total  field,  incident  plus 
scattered,  at  z  =  L  is  (from  Lee  and  Harp10) 


dE  =  1  —  ikadz  exp 


L        2k  L         J 


cos[K*  pAz/L) 


+   K-p(l   -  z/L)  +  K-b],      (1) 


where  a  is  the  amplitude  of  the  refractive-index  fluc- 
tuation of  the  screen,  k  =  2-k/X,  X  is  the  wavelength  of 
light  emitted  by  the  point  source,  and  K-b  is  an  arbi- 
trary phase  offset.  [In  passive  wind  sensing,  X  typi- 
cally varies  over  a  3-1  bandwidth.  In  this  case,  the  X 
inserted  into  Eq.  (1)  will  be  the  mean  wavelength  of 
the  product  of  the  background  light  and  photodiode 
response,  which  is  X  ~  0.8  ^im.  This  can  be  shown  to 
produce  results  that  differ  in  an  insignificant  way 
from  those  of  the  exact  theory  that  incorporates  the 
appropriately  weighted  sum  of  wavelengths.] 

The  parameter  measured  by  our  wind  sensing  de- 
vice is  not  the  total  field  dE,  but  the  normalized  am- 
plitude fluctuation  dPa  defined  by  dPa  =  \dE\  -  1. 
From  Eq.  (1)  we  have 


<IP„ 


kadz  sin 


+  K-p(l  -  z/L)  +  K-b].     (2) 


Equation  (2)  is  valid  to  first  order  in  the  refractive- 
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Fig.   1.  One-dimensional  spatial  spectrum  of  35-mm  color  slide 

showing  two  vehicles  against  a  background  of  trees.    The  abscissa 

is  scaled  to  actual  dimensions  at  the  vehicles. 


Fig.  2.  Geometry  of  the  light  source  and  the  receiver.    The  light  at 

(p,0)  is  perturbed  by  the  turbulent  phase  screen  at  z  to  produce 

scintillation  in  the  receiving  plane  at  (p,L).    The  sinusoidal  phase 

screen  has  a  spatial  wavenumber  K. 

index  fluctuations  a;  consequently,  for  Eq.  (2)  to  be  a 
reasonable  approximation,  we  must  assume  that  \a\ 
«  1.  This  makes  our  analysis  valid  for  weak  turbu- 
lence and  single  scattering  only.  If,  as  we  assume  in 
our  model,  the  scene  is  a  sum  of  spatially  incoherent 
point  sources  with  a  distribution  q(p),  we  may  add 
the  amplitude  fluctuations  in  the  following  way: 

dP  =  kadz  sm[-AM^~  z)]fcPpqip)  cosLK-PlU/D 

+  K-p(l  -  z/L)  +  K-b]    (3) 

to  calculate  the  total  scintillations  of  the  scene.  If 
these  amplitude  fluctuations  are  observed  at  (p\,z) 
with  a  detector  having  a  two-dimensional  sensitivity 
t(r),  the  detected  scintillations  will  take  the  form 

dP(pj)  =  kadz  sin[A^~  *]  ]  /<Pr^(rt) J<Ppq(p) 

cos[K-(p,   +  r,)U/L)  +  K-p(l  -  z/L)  +  K-b],      (4) 

where  ri  =  r  —  p\  is  an  arbitrary  displacement  in  the 
plane  of  p\. 

To  measure  the  wind  we  use  the  technique  of  Law- 
rence et  a/.1  and  determine  the  slope  of  the  covar- 
iance  of  the  amplitude  fluctuations  at  zero  time  lag. 
Following  Lee  and  Harp,10  we  first  obtain  the  differ- 


ential covariance  function  produced  by  a  single  scale- 
size  phase  screen  at  all  path  positions,  i.e., 


rfC„ 


•r 


dztdP(puz{)  /    dz2dP*(p2,z2)), 


(5) 


] 


where  the  angle  brackets  indicate  an  ensemble  aver- 
age, and  the  asterisk  implies  the  complex  conjugate. 
After  inserting  Eq.  (4)  into  Eq.  (5)  and  interchanging 
the  2i  and  22  integrals  with  the  ensemble  averaging, 
we  have 

cx(p,,p;)  =  k*  tdz,  fLdz2  sin \K\(L  ~ 

Ja  Jo  L  2kL 

Si"  [K  *22feL~  Z?)]  ^ri/^r:')(r,U*(r,)/rfy 
jd2p"q(p')q  +  (p")(a(K,zx)  cos  [K- (p,    +    r,)(z,/L) 
+  K-p'(l  -  zt/L)  +  K..\>l]a*(K,zi)  cos[K-(p2   +  r2) 
(z2/L)  +  K-p"(l  -   z2/L)    +  K-b,]).     (6) 

Equation  (6)  may  be  simplified  by  following  the  pro- 
cedure outlined  in  Appendixes  I  and  II  of  Lee  and 
Harp,10  the  net  effect  of  which  is  to  replace  the  quan- 
tity in  the  angle  brackets  with 

0  =  2Fn{K,zt  -  z2)  cos{K-[(p,    +  r,)z,  -  (p,  +  r2)z,]/ 

L   +   K-[p'(l  -   zt/L)  -  p"(l  -  z7/L)]\,     (7) 

where  Fn  is  the  two-dimensional  spectrum  of  the  re- 
fractive-index, fluctuations.  We  now  substitute  Eq. 
(7)  into  Eq.  (6),  change  variables  to  2z  =  Z\  +  z<i  and 
£  =  z\  —  z-2,  perform  the  £  integration  as  outlined  in 
Chap.  7  of  Tatarski11  for  the  case  K'^/k  «  1,  and  ob- 
tain 

CL                                  [K^ziL  -   z)~\ 
Cx(p)   =  47Tfe2  J    dz  fd2K<i>n{K)  Sin2[ 2kL~~ 

fd2rt  fd2r2r(r1)r*(r2)/rf2p'/rf2p"?(p')?*(p")  cos[K-(r, 
-   r2  +  p)z/L  +  K-(p'  -  p")(l  -  z/L)],     (8) 

where  p  =  p\  -  p>-  Equation  (8)  has  been  general- 
ized to  an  integral  over  the  full  three-dimensional 
spectrum  of  refractive  turbulence  4>r,(K).  (The  as- 
sumption K-^/k  «  1  requires  only  that  the  smallest 
size  eddy  in  the  turbulence  spectrum  /()  be  much  larg- 
er than  the  wavelength.  This  is  a  reasonable  approx- 
imation for  the  propagation  of  visible  light.)  The  in- 
tegrals over  ri,  rj,  p'  and  p"  can  most  easily  be  per- 
formed by  using  the  convolution  theorem,  which 
gives 


c»   =  HkWfidz  fd2K  sin2  [^^^     Z)] 
cos(K-pz/L)<j>„(K)|T(Kz/I)|2|QtK(l  -   z/L)] 


(9) 


where  Q(K)  and  T(K)  are  the  two-dimensional  Fou- 
rier transforms  of  q(p)  and  tip),  respectively,  i.e., 

1 


Q(K)   s 


(277) 


(fpqifi)  expH'K-p) 


and 


V'(K)    =  ^p  fd2pt(p)  exp(-ZK-p). 


(10) 


(11) 
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A  more  straightforward  but  more  complicated  ap- 
proach is  to  substitute  the  inverse  transforms  of  t 
and  q  directly  into  Eq.  (8)  and  perform  the  resulting 
integrals  to  obtain  Eq.  (9). 

Equation  (9)  describes  the  covariance  function  of 
the  amplitude  fluctuations  of  an  arbitrary  incoherent 
source  with  spectral  density  Q2  observed  with  two 
sets  of  detectors  displaced  an  amount  p  and  having  a 
spectral  density  T2. 

To  compute  the  measured  time-lagged  covariance 
function,  we  must  replace  p  by  p  —  xtL/z  (see  Clif- 
ford12), where  r  is  the  time  lag  and  v  is  the  wind  ve- 
locity, and  normalize  the  expression  to  Cx(0),  the 
variance  of  the  observed  signal.  This  results  in  the 
expression 

cos[K-  p(z/L)   -  K-VT]*n(K)|r(K2/L)|2| 

Q[K(1  -  z/L))\\      (12) 


where 


N=  f>dzfSKSin>[!£%^]*nW\T\W. 


(13) 


Finally,  we  determine  the  slope  at  zero  time  lag  m/v 

=  sCxn/st\  t  =  0, 

m„  =  AH  fidzftflS.  sin?  [^§f  -}](K-  v) 

sm(K-pz/L)4,„(K)\T)(Kz/L)\2\Q[K(l  -  z/L)]\2.     (14) 

Equation  (14)  is  the  general  expression  of  the  passive 
wind  sensing  formula.  We  will  want  to  particularize 
the  form  of  Eq.  (14)  in  the  next  sections  to  study 
some  practical  systems.  The  factors  z/L  and  (1  — 
z/L),  which  modify  the  receiver  and  transmitter 
power  spectral  densities  \T\2  and  |Q|L>,  respectively, 
satisfy  the  elementary  form  of  reciprocity,  i.e.,  trans- 
mitter and  receiver  spectral  densities  may  be  inter- 
changed to  give  the  same  result  for  Eq.  (8)  if  z/L  and 
1  —  z/L  are  also  interchanged. 

III.     Crosswind  Sensing 

To  obtain  numerical  results  from  Eq.  (14),  we  must 
specify  the  form  of  three  spectral  densities,  the  re- 
fractive-index spectral  density  4>„,  the  scene  spec- 
trum |  Q\  -,  and  the  detector  spectrum  |  T\ 2.  The  most 
commonly  accepted  form  of  the  spectrum  of  refrac- 
tive turbulence  is  that  due  to  Kolmogorov.1'  He 
postulated  from  dimensional  analysis  arguments 
that,  within  the  socalled  inertial  subrange,  defined  by 
L()_1  «  K  «  /o_1,  where  /()  and  L(>  are  the  inner  and 
outer  scales  of  turbulence,  respectively,  the  spectral 
density  of  the  refractive-index  fluctuations  should 
have  the  form 


*„(#)   =  0.033<vU)A'- 


(15) 


We  will  use  this  spectrum  throughout  this  paper. 

For  the  detector  spectrum  \T]2,  we  will  discuss 
both  the  broadband  and  narrowband  techniques  in 
accordance  with  the  bandpass  of  the  spatial-spectral 
response  of  the  receiver.    In  the  broadband  case,  the 


receiver  consists  of  two  circular  apertures  of  diameter 
D.  The  detector  spectrum  |T|2  is  then  simply  a  low- 
pass  filter  function,  i.e., 


T(Kz/L)  I 


(16) 


however,  we  found  that  practical  difficulties  are  en- 
countered in  the  broadband  case.  Temporal  changes 
in  illumination  of  the  scene  caused  by  movement  or 
ac  lights  are  not  even  partially  canceled  out  and  lead 
to  large  wind-estimate  errors  even  though  the  light 
variation  is  of  the  order  of  one  part  in  ten  thousand 
of  the  light  level  of  the  entire  scene.  In  addition,  the 
broadband  SNR  is  not  as  high  as  can  be  obtained 
with  the  detector  arrays  used  in  a  narrowband  sys- 
tem; therefore,  we  have  discarded  the  broadband  ap- 
proach in  favor  of  a  spatial-filter  detector  or  narrow- 
band technique.  In  this  technique,  we  spatially  filter 
the  received  signal  along  one  dimension  transverse  to 
the  optical  beam.  Using  an  array  of  photodiodes,  we 
synthesize  a  narrowband  filter  that  emphasizes  a  sin- 
gle spatial  frequency  in  that  direction.  By  using  two 
of  these  devices,  separated  by  a  phase  lag  of  </>  degrees 
in  terms  of  the  fundamental  wavelength  of  the  filter 
2ir/Ko,  we  can  measure  the  speed  and  sense  of  advec- 
tion  of  this  wavelength  disturbance  across  the  receiv- 
er. 

Spatial  filtering  does  not  produce  a  single  sinusoi- 
dal variation  in  time  because  of  the  many  different 
path  positions  and  scale  sizes  to  which  this  filter  is 
sensitive.  For  example,  each  point  source  of  light  in 
a  scene  produces  a  disturbance  at  the  receiver  that  is 
a  geometrically  magnified  version  of  the  spatial  fre- 
quency of  refractive  turbulence  at  a  given  path  posi- 
tion that  each  source  illuminates  (see  Lawrence  et 
al. ' ).  This  makes  the  spatial-filter  detector  sensitive 
to  spatial  scale  sizes  of  refractive  turbulence  that  are 
larger  in  proportion  to  the  distance  from  the  scene. 
Therefore,  because  the  wind  profile  is  not  uniform 
and  because  the  frequency  of  the  received  distur- 
bance is  inversely  proportional  to  the  refractive-tur- 
bulence scale  size,  there  will  be  many  different  tem- 
poral frequencies  collected  by  the  detector. 

Mathematically,  an  ideal  spatial  filter  oriented 
along  the  x  direction  has  a  two-dimensional  trans- 
mittance 


tip)  =  cos(K0x  +  c)6(  v), 


(17) 


where  c  is  an  arbitrary  phase  factor.  The  delta  func- 
tion implies  that  the  elements  of  the  filter  have  zero 
extent  in  the  y  direction  and  merely  sample  the  field 
at  y  =  0.  The  theory  requires  that  we  compute  the 
two-dimensional  spectral  density  off,  which  is 


1 

(2^ 


fd2p  cos(K0x)6(  y)  exp(-/K-  p)  1 2    (18) 


\UYLz/L)\-  cc   6[Kt(z/L)  -  A'0]   +  6\Kx(z/L)    +  A'„].     (19) 

In  Eq.  (19),  Kx  is  the  component  of  K  in  the  x  direc- 
tion. [We  need  not  be  concerned  about  the  coefficient 
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in  (19)  because  it  will  drop  out  of  the  normalized  co- 
variance  function  when  substituted  into  Eq.  (14).] 
Inserting  Eqs.  (15)  and  (19)  into  Eqs.  (13)  and  (14), 
letting  Ki  =  Kvz/L,  and  performing  the  Kx  integra- 
tion, we  obtain 


iN  =  j\\-xK0  sin<l>  fL dzCnHz)r(z)(z/L)7n  J 


dK, 


sin-[(AV   +  K^){L/z  -   \)L/2k] 

(A-  5    +   K  i^U/fi P{KUK0,Z/L)     (20) 


and 

A',    = 


fLdzCn?(z)(z/L)''/'    f    dK, 

sin;[(A-0;  +  KNL/z  -   \)L'2k)  ,  , 

x    ;  '+   A-  ^11/.' h{K\,Ka,zL),      (21) 

where  2F  =  \Q[K»(L/z  -  1),  Kx(L/z  -  1)]|2  + 
\Q[-K0(L/z  -  1),  Kxdlz  -  1)]|2.  The  phase  lag  4>  = 
KqXq,  where  xn  is  the  separation  of  the  two  detector 
arrays  in  the  x  direction.  To  put  Eq.  (20)  in  a  form 
more  suitable  for  computing,  we  let  u  =  z/L,  t  = 
Ki(XL)1/2,  and  t0  =  K0(XL)1/2,  where  X,  as  before,  is 
the  mean  wavelength  of  the  product  of  the  back- 
ground light  and  photodiode  response.  Equation 
(20)  then  becomes 


sin<p(\L)-u:  f  diiC„2{u)r{u)W(n 


) 

-,     (22) 
I   duC„2(u)uWf{ii) 

•'o 
with 

(23) 

The  assumption  that  Cn2  is  statistically  uniform 
along  the  path  allows  us  to  cancel  Cn2  in  the  numera- 
tor and  denominator  of  Eq.  (22),  and  m^  becomes 


t„  sin 


A(X 


jyn  f  duv{u)Wf{u),  (24) 


where 


A  = 


JdimWf{u 
n 


(25) 


Clearly  from  Eq.  (24),  we  see  that  Wf(u)  is  the  path 
weighting  function  for  the  wind,  i.e.,  the  relative  ef- 
fectiveness of  winds  at  each  position  of  the  path  for 
producing  the  optical  wind  reading.  If  the  scene 
spectrum  is  known,  we  can  find  Wf(u)  from  Eq.  (23), 
and,  after  substituting  the  result  into  Eq.  (24),  we 
can  determine  the  path-averaged  crosswind. 

IV.     Effects  of  the  Scene  Spectrum  on  Wind 
Weighting  Functions 

In  this  section  we  will  consider  two  distinct  types 
of  scene  spectra,  exponential  and  power  law,  to  indi- 
cate the  variability  of  the  wind  weighting  function 
Wf(u),  when  sighting  the  passive  wind  sensor  on  dif- 
ferent targets.  As  we  shall  see,  the  most  important 
difference  between  the  two  types  is  that  the  exponen- 
tial spectrum  has  a  characteristic  wavenumber  (the 


equivalent  of  a  time  constant  in  time  varying  sys- 
tems), whereas  the  power-law  spectrum  does  not. 

For  the  power-law  scene  spectrum,  |Q(K)|2  ~  K~", 
we  will  vary  a  from  0  to  3.  After  substituting  this 
spectrum  into  Eq.  (23),  we  obtain 


Wf{u) 


(1 


,  +  a         /* a 


dt 


sin;|(/„2  +  /,2)(l/»  -   i)/4ir] 


(26) 


Figures  3-6  show  the  behavior  of  the  wind  weight- 
ing function  as  a  function  of  the  exponent  of  the 
scene  spectral  power  law  «  and  the  normalized  wave- 
length of  the  receiving  spatial  filter  dn  =  2ir/to  = 
2ir/[Xo(XL)1/2]  for  <t>  =  jt/2.  For  a  fixed  filter  wave- 
length, as  the  scene  spectrum  becomes  steeper  (high- 
er «,  i.e.,  contains  more  low  frequencies),  the  weight- 
ing function  peaks  progressively  closer  to  the  receiv- 
er.    For  a   fixed  scene  spectrum  a,   increasing  the 


Fig.  3.   Wind  weighting  function  for  a  receiving  array  with  a  nor- 
malized spatial  wavelength  d„  =  0.5.     The  scene  spectrum  is  as- 
sumed to  follow  a  power-law  spectrum  with  the  slope  -or. 
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Fig.  4.  Wind  weighting  function  for  a  receiving  array  with  a  nor- 
malized spatial  wavelength  of  d„  =  1.    The  scene  spectrum  is  as- 
sumed to  follow  a  power-law  spectrum  with  the  slope  —or. 
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Fig.  5.  Wind  weighting  function  for  a  receiving  array  with  a  nor- 
malized spatial  wavelength  d„  =   2.     The  scene  spectrum  is  as- 
sumed to  follow  a  power-law  spectrum  with  the  slope  —a. 
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Fig.  6.   Wind  weighting  function  for  a  receiving  array  with  a  nor 

malized  spatial  wavelength  of  d„  =  4.    The  scene  spectrum  is  as 

sumed  to  follow  a  power-law  spectrum  with  the  slope  —a. 


Inserting  an  exponential  spectrum  \Q\2  ~  exp(— Kj 
Ks)  into  Eq.  (23),  where  Ks  is  a  characteristic  wave- 
number  of  the  scene,  we  obtain  a  wind  weighting 
function  of  the  form 

exp[-(/02   +  ^'"U/w  -   D/A^XL)1'-].      (27) 

To  illustrate  the  physical  validity  of  assuming  an  ex- 
ponential scene  spectrum,  the  solid  curve  in  Fig.  1  is 
an  exponential  spectrum  with  Ks  =  4  cycles/m.  The 
data  points  are  the  spectrum  of  a  35-mm  color  slide 
of  two  vehicles  against  a  background  of  trees.  The 
fit  to  the  data  is  excellent.  The  results  of  Eq.  (27) 
are  plotted  in  Figs.  7-9.  In  Fig.  7,  we  assume  that  Ks 
=  4  cycles/m,  L  =  500  m,  X  =  0.8  ^m,  and  hence 
(XL)1/2  =  0.02  m.  Figure  7  shows  a  family  of  curves 
with  the  normalized  spatial  wavelength  of  the  receiv- 
ing filter  dn  varying  from  0.5  to  4.0.  Again,  as  we 
have  seen  for  the  power-law  spectrum,  increasing  the 
receiver  spatial  wavelength  tends  to  bias  the  weight- 
ing function  back  toward  the  scene.  Because  there  is 
only  a  finite  amount  of  energy  in  an  exponential 
scene  spectrum  at  low  frequencies,  the  weights  all  go 
to  zero  at  the  receiver  end.  If  we  now  keep  the  nor- 
malized receiving  spatial  wavelength  dn  fixed  and 
vary  the  normalized  characteristic  wavenumber  of 
the  scene  Ks(\L)l/I,  the  relative  weights  are  as 
shown  in  Fig.  8.  As  the  normalized  characteristic 
wavenumber  increases,  which  may  be  either  the  re- 
sult of  the  increase  of  the  pathlength  or  the  decrease 
of  the  scale  sizes  in  the  scene,  the  weighting  functions 
move  toward  the  target.  The  case  for  Ks(\L)l/2  =  <= 
is  the  limiting  case  of  the  scene  spectrum  being  white 
noise.  In  this  case,  the  weighting  function  coincides 
with  the  power-law  spectrum  of  a  =  0. 


wavelength  of  the  filter  tends  to  bias  the  weighting 
function  back  toward  the  scene.  One  caution  in 
using  these  figures  is  that  the  oscillations  in  the 
curves,  say  for  dn  =  0.5  and  a  =  0,  arise  because  of 
the  assumption  of  monochromaticity  implicit  in  Eq. 
(26).  For  a  real  scene  there  will  be  many  wave- 
lengths of  light  present,  and  these  oscillations  will  be 
smeared  out.  For  a  >  2,  the  weighting  functions  in- 
crease without  limit  at  the  receiver  end.  This  is 
caused  by  the  fact  that  a  power-law  spectrum  diver- 
ges at  zero  frequency.  If  we  assume  an  outer  scale 
for  the  scene  spectrum,  i.e.,  a  finite  maximum  scale 
for  details  in  the  scene,  the  weighting  functions  will 
go  to  zero  at  the  receiver  end.  For  different  path- 
lengths,  the  relative  path-weighting  function  will  not 
change  for  a  power-law  scene  spectrum;  therefore, 
Figs.  3-6  can  be  used  for  any  pathlength. 

The  variability  of  the  weighting  functions  with  a 
indicates  that  it  is  desirable  to  monitor  the  scene 
spectrum  as  closely  as  possible. 


Fig.  7.  Wind  path  weighting  for  receiving  array  normalized  spatial 
wavelength  d„  varying  from  0.5  to  4.0.  The  scene  spectrum  is  as- 
sumed to  follow  an  exponential  spectrum  expl  —  KiXD^-fA]  with 
A  =  KJM.)1  -  =  0.5  in  this  figure. 
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Fig.  8.   Wind  path  weighting  for  a  fixed  receiving  spatial  wave- 
length d„  =  1.    The  scene  spectrum  is  assumed  to  follow  an  expo- 
nential spectrum  exp[-K(\L)U2/A\  with  A  =  Ks(.\L)l/i  varying 
from  0.25  to  °°. 


CL 


Fig.  9.  Experimental  and  theoretical  results  of  a  '/i  Fresnel  zone 

circular  aperture  transmitter  and  a  receiving  array  with  spatial 

wavelength  d„. 


where  N  is  the  number  of  anemometers  used.  Multi- 
plying by  Ajij  =  1,2,  ...  N)  on  both  sides  of  Eq.  (28) 
and  taking  the  ensemble  average,  we  have  iV  equa- 
tions in  the  form 


i=l 


1,2, 


.N. 


(29) 


The  wind  weighting  function  Ws  can  be  obtained  by 
solving  these  ten  linear  equations.  In  actuality,  the 
ensemble  average  we  used  is  the  average  of  88  scans 
of  data,  sampled  at  the  rate  of  one  scan  each  10  sec. 

To  check  the  theory,  we  performed  the  experiment 
using  a  target  with  a  known  spectrum,  i.e.,  an  incan- 
descent light  source  one-third  of  a  Fresnel  zone  in  di- 
ameter. In  this  case  where  the  transmitter  configu- 
ration is  a  circular' aperture  of  diameter  D,  \Q\2  is  a 
low-pass  filter  function,  i.e., 


\Q(K)\2  OC 


2Ji{KD/2)li 
(KD/2)    J 


(30) 


Inserting  Eq.  (30)  into  Eq.  (23),  we  obtain  the  path- 
weighting  functions  shown  as  the  continuous  curves 
in  Fig.  9.  The  experimental  results  are  shown  by  the 
crosses  (dn  -  0.5),  dots  (dn  =  1.0),  and  circles  (dn  = 
2.0).  The  data  agree  quite  closely  with  the  theoreti- 
cal predictions. 

For  a  real  scene,  we  chose  as  a  target  a  trailer  at  the 
end  of  a  500-m  path  with  a  background  of  trees  and 
mountains.  The  experimental  weighting  functions 
are  shown  in  Fig.  10.  Since  we  did  not  measure  the 
scene  spectrum  in  this  case,  we  can  only  compare  the 
experimental  results  to  the  theoretical  prediction 
qualitatively.  Both  the  theoretical  results  of  a 
power-law  spectrum  (Figs.  3-6)  with  a  between  2  and 
2.5  and  the  exponential  spectrum  (Fig.  7)  seem  to 
agree  with  the  experimental  measurements.  For  a 
more  sophisticated  passive  wind  sensor,  a  monitor  of 
the  scene  spectrum  should  be  introduced.     To  com- 


V.     Experimental  Results 

We  performed  an  experiment  on  a  uniform  500-m 
path  to  check  the  results  of  Eq.  (23).  Our  path  was 
equipped  with  ten  propeller  anemometers  to  measure 
the  component  of  the  horizontal  wind  at  right  angles 
to  the  optical  path.  We  analyzed  the  data  with  an 
on-line  minicomputer  and  compared  the  optical  and 
in  situ  crosswind  measurements.  Data  were 
smoothed  with  a  10-sec  time  constant  and  then  sam- 
pled every  10  sec.  The  averaging  period  is  necessary 
so  that  the  anemometer  measurements  are  more 
nearly  like  the  40-m  spatial  average  that  they  are  in- 
tended to  represent. 

If  we  let  An  and  A,  be  the  optical  and  the  ith  in 
situ  measurements,  respectively,  the  path-weighting 
function  Wt  can  be  defined  as 
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Fig.   10.   Experimental  wind  weighting  functions  for  a  trailer  in 
bright  sunlight  and  the  receiving  array  with  a  spatial  wavelength 
d„     The  functions  have  been  normalized  by  setting  the  largest  or- 
dinate of  each  curve  to  unity. 
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Fig.  11.  A  comparison  of  the  transverse  wind  speed  measured  by 
the  optical  system  (upper  trace)  with  the  average  of  wind  speeds 
measured  by  five  anemometers,  equally  spaced  on  half  of  the 
500-m  path  nearest  the  instrument.  The  gain  of  the  optical  sys- 
tem was  increased  to  displace  the  curves. 

pare  the  optical  measurement  to  the  anemometer 
readings,  the  results  of  the  optical  measurement  and 
the  average  of  the  outputs  of  the  five  anemometers 
on  half  of  the  500-m  path  nearest  the  receiver  are 
shown  in  Fig.  11.  Again,  they  exhihit  excellent 
agreement.  The  agreement  on  short  time  intervals 
would  be  even  better  had  the  anemometers  been 
weighted  according  to  the  weighting  function  of  the 
optical  system.  (The  data  shown  in  Fig.  11  were 
taken  with  a  prototype  passive-wind  sensing  instru- 
ment whose  principles  of  operation  were  based  on  the 
theoretical  analysis  above.  The  details  of  the  devel- 
opment of  this  instrument  and  the  conditions  of  the 
experiment  are  more  fully  described  in  Refs.  14  and 
15.) 

VI.     Summary 

We  have  demonstrated  that  a  naturally  occurring 
scene  can  be  used  as  a  passive  optical  source  to  mea- 
sure the  path-averaged  crosswind  between  the  scene 
and  the  observer.  The  resultant  path-weighting 
functions  cannot  be  varied  arbitrarily,  but  a  useful 
variety  of  weighting  functions  can  be  specified. 

The  major  difficulty  with  the  passive  wind  sensor, 
i.e.,  coping  with  both  spatial  and  temporal  changes  in 
scene   spectra,   can   be   overcome   by   introducing  a 


scene  spectrum  monitor  that  would  continuously  ad- 
just the  detector  spatial  filter  wavelength  to  maintain 
the  desired  wind  weighting  function.  There  is  no 
physical  reason  why  this  cannot  be  done,  although  it 
may  be  difficult  to  accomplish  in  a  practical  system. 

The  motivation  for  developing  this  system  has 
been  to  overcome  the  limitations  of  our  laser  beam 
wind  sensor  for  applications  in  difficult  terrain  and 
for  fast  response  wind  measurement  at  a  variety  of 
azimuths.  In  the  former  case,  the  passive  sensor 
eliminates  the  need  to  gain  access  to  sites  for  mount- 
ing detectors  or  transmitters  in  hazardous  terrain. 
In  the  latter,  the  passive  sensor  eliminates  the  need 
for  locating  and  maintaining  multiple  sources  to  ob- 
tain wind  coverage  over  a  broad  area. 

This  work  was  supported  in  part  by  the  U.S.  Army 
Electronics  Command,  Atmospheric  Sciences  Labo- 
ratory, White  Sands,  New  Mexico  88002;  T.  H.  Pries 
was  the  ASL  Scientific  Monitor. 

References 

1.  R.  S.  Lawrence,  G.  R.  Ochs,  and  S.  F.  Clifford,  Appl.  Opt.  11, 
239(1972). 

2.  R.  W.  Lee,  J.  Opt.  Soc.  Am.  10,  1295(1974). 

3.  T-i  Wang,  S.  F.  Clifford,  and  G.  R.  Ochs,  Appl.  Opt.  13,  2602 
(1974). 

4.  L.  Shen,  IEEE  Trans.  Antennas  Propag.  AP-18,  493  (1970). 

5.  A.  Ishimaru,  IEEE  Trans.  Antennas  Propag.  AP-20,  10  (1972). 

6.  P.  A.  Mandics,  R.  W.  Lee,  and  A.  T.  Waterman,  Jr.,  Radio  Sci. 
8,  185(1973). 

7.  J.  C.  Harp,  Ph.D.  Thesis,  AFCRL-71-0451,  SV-SEL-71-042, 
Scientific  Report  1  (1971). 

8.  P.  A.  Mandics,  Ph.D.  Dissertation,  Stanford  Univ.,  Stanford, 
Calif.  (1971). 

9.  A.  G.   Kjelaas  and  G.  R.  Ochs,  J.  Appl.  Meteorol.   13,  242 
(1974). 

10.  R.  W.  Lee  and  J.  C.  Harp,  Proc.  IEEE  57,  375  (1969). 

11.  V.   I.  Tatarski,   Wave  Propagation  in  a   Turbuleni   Medium 
(McGraw-Hill,  New  York,  1961),  Chap.  7. 

12.  S.  F.  Clifford,  J.  Opt.  Soc.  Am.  61,  1285(1971). 

13.  A.  N.  Kolmogorov,  Dokl.  Akad.  Nauk.  SSSR  30,  299  (1941). 

14.  S.  F.  Clifford,  G.  R.  Ochs,  and  T-i.  Wang,  NOAA  Tech.  Rept. 
ERL312-WPL-35G974). 

15.  G.  R.  Ochs,  G.  F.  Miller,  and  E.  J.  Goldenstein,  NOAA  Tech. 
MemoERLWPL-11  (1974). 


2850 


APPLIED  OPTICS  /  Vol.  14,  No.  12  /  December  1975 


220 


NOAA  Technical  Report  ERL  312-WPL  35 
September  1974 


THEORETICAL  ANALYSIS  AND  EXPERIMENTAL  EVALUATION  OF  A  PROTOTYPE  PASSIVE 

SENSOR  TO  MEASURE  CROSSWINDS 

S.  F.  Clifford,  G.  R.  Ochs,  and  Ting-i  Wang 


We  describe  and  analyze  the  performance  of  our  prototype  passive  wind 
sensor.  The  instrument  interprets  the  turbulence-induced  optical  scintil- 
lations of  a  random  scene  to  infer  a  path-weighted  transverse  wind  speed 
between  scene  and  observer.  We  derive  the  fundamental  theoretical  relations 
on  which  the  system  is  based  and  discuss  the  overall  capabilities  and  limita- 
tions of  the  technique.  We  conclude  that  the  system  has  useful  application 
but  requires  a  more  extensive  demonstration  of  its  ability  to  perform  with 
a  wider  variety  of  scene  spectra  and  under  more  diverse  meteorological  condi- 
tions before  the  technique  becomes  operational. 
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A  THEORETICAL  ANALYSIS  OF  THE  INFORMATION  CONTENT 
OF  LIDAR  ATMOSPHERIC  RETURNS 


V.  E.  Derr,  M.  J.  Post,  R.  L.  Schwiesow, 
R.  F.  Calfee,  and  G.  T.  McNice 


The  applicability  of  new  laser  technology  to  observation  of  meteorolog- 
ical parameters  is  explored  in  this  study  of  the  relevant  information  content 
in  laser  radiation  after  interaction  with  the  atmosphere. 
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REMOTE  SENSING  OF  POLLUTANTS 
COMPUTERIZED  REDUCTION  OF  LONG-PATH  ABSORPTION  DATA 

V.  E.  Derr,  M.  H.  Ackley,  M.  J.  Post,  and  R.  F.  Calfee 


ABSTRACT 

Atmospheric  gaseous  pollutants  are  wery   numerous  in  industrial  regions. 
It  is  estimated  that  25  or  more  pollutant  molecules  may  be  found  in  the 
atmosphere  in  significant  quantities.  The  measurement  of  the  concentration 
of  each  gas  from  the  complex  spectrum  obtained  by  a  long-path  infrared 
spectrophotometer  requires  the  fitting  of  trial  spectra  composed  from  a 
library  of  spectra.  The  fitting  procedure  adjusts  the  concentrations  of 
the  trial  spectra  until  a  "best  fit"  in  a  least-squares  sense  is  produced. 
This  report  is  a  description  of  the  physical,  mathematical,  and  calculational 
principles  and  procedures  for  the  use  of  a  digital  computer  program  to  deter- 
mine concentrations  of  atmospheric  gases  in  a  path  of  a  few  kilometers.  De- 
tailed instructions  for  the  computer  program  and  a  library  of  spectra  are 
provided. 
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Study  of  Divergence  in  the  Boundary  Layer  Using  Optical  Propagation  Techniques1 

A.  G.  Kjklaas 

Xoriccc;iaii  Defence  Research  Establishment,  Kjeller 

G.  K.  Ochs 

Environmental  Research  Laboratories,  XOAA,  Boulder,  Colo.  $0302 
(Manuscript  received  25  July  1 973,  in  revised  form  27  November  1973) 

ABSTRACT 

A  wind-measuring  system  using  three  separate  optical  systems,  each  consisting  of  a  3  m\V  He-Nc  laser 
and  two  photodiode  receivers,  forming  an  equilateral  triangle  300  m  on  a  side,  has  successfully  measured 
the  divergence  over  the  area  of  the  triangle,  and  the  space-averaged  horizontal  wind  vector.  Good  correla- 
tion was  found  between  the  flow  into  the  triangle  and  occurrences  of  thermal  plumes  seen  by  an  adjacent 
acoustic  sounder.  The  flow  into  the  triangle  was  proportional  to  the  vertical  velocity.  During  large  con- 
vective  activity,  there  was  a  certain  periodicity  in  the  occurrence  of  plumes.    ' 


1.  Introduction 

Reliable  measurements  of  the  divergence  of  the 
horizontal  wind  are  diiV.ct.ilt  to  achieve.  Many  attempts 
have  been  made  to  develop  methods  based  on  point 
measurements  of  wind.  On  the  synoptic  scales, 
Bellamy  (1949)  developed  a  technique  that  used  a 
triangle  of  wind  reports  to  calculate  the  divergence  for 
the  enclosed  area;  Endlich  and  Clark  (1963)  calculated 
divergence  by  linear  interpolation  between  wind  com- 
ponents at  the  vertices  of  the  triangle  of  observation. 
Eddy  (1964)  improved  Bellamy's  triangle  technique 
by  using  a  computer  model.  He  also  applied  a  correla- 
tion technique  to  establish  the  space  correlation  and 
time  persistence. 

On  smaller  scales  (i.e.,  those  scales  comparable  with 
plumes  and  on  up  to  a  few  hundred  meters),  no  reliable 
techniques  for  measuring  the  horizontal  divergence 
exist.  Many  laboratory  experiments  have  formed  the 
basis  for  different  theories  for  entrainment  into  plumes. 
Morton  et  al.  (1956)  have  described  a  model  assuming 
that  the  rate  of  entrainment  into  the  plumes  is  propor- 
tional to  the  vertical  velocity  inside  the  plume.  Telford 
(1966)  has  developed  a  model  assuming  that  the  entrain- 
ment should  not  be  related  to  the  mean  velocity  but  to 
the  local  level  of  turbulence. 

Due  to  lack  of  suitable  wind-measuring  techniques 
these  theories  have  been  difficult  to  check  in  the  atmo- 
sphere. Recently,  remote  sensing  of  space-averaged 
wind  has  progressed,  making  it  possible  to  calculate  the 

1  The  paper  was  prepared  while  the  senior  author  was  a  visiting 
scientist  at  the  National  Oceanic  and  Atmospheric  Administra- 
tion, Environmental  Research  Laboratories,  Moulder,  under 
sponsorship  of  the  Royal  Norwegian  Council  for  Scientific  and 
Industrial  Research. 


divergence  for  a  small  enclosed  area.  Lawrence  et  al. 
(1972)  have  described  an  optical  wind  sensor  that  uses 
the  naturally  occurring  density  fluctuations  to  obtain 
a  spatially  averaged  wind.  By  using  a  correlation 
technique  at  the  receiver,  they  are  able  to  extract  a 
path-averaged  transverse  wind  speed. 

This  paper  discusses  field  measurements  of  divergence 
and  wind  velocity  based  on  an  extension  of  the  optical 
technique.  A  He-Xe  laser  triangle  path  (300  m  on  a 
side)  was  set  up  near  a  150  m  tower.  The  results  are 
compared  with  wind  velocity  measured  at  five  levels 
on  the  tower  and  with  the  occurrence  of  plumes  as  seen 
by  an  acoustic  sounder  located  inside  the  triangle. 

2.  The  optical  measuring  equipment 

The  optical  technique  used  for  wind  measurement  is 
described  fully  in  Lawrence  et  al.  (19/2);  however,  a 
brief  discussion  is  included  here  for  completeness,  since 
it  is  a  recent  development.  The  technique  may  be  used 
oxer  ranges  from  300  m  to  more  than  15  km,  so  that  it 
is  particularly  useful  for  obtaining  spatially  averaged 
wind  measurements.  In  addition,  it  is  effective  for 
measuring  low  mean  wind  flow  in  the  presence  of  large 
fluctuating  components. 

The  technique  uses  the  drifting  scintillation  pattern 
arising  from  wind-transported  refractive-index  irregu- 
larities in  the  atmosphere.  This  drifting  scintillation 
pattern  is  the  cause  of  the  twinkling,  or  scintillation,  of 
starlight.  With  a  very  small,  bright  light  source,  such 
as  a  laser  shining  through  the  atmosphere,  the  moving 
scintillation  pattern  can  be  seen  clearly  on  a  screen  at 
night.  The  sizes  of  the  irregular  patches  of  light  in  the 
pattern  are  determined  by  the  diffraction  of  the  incident 
beam;  they  result  from  refractive-index  irregularities 
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(almost  entirely  the  result  of  temperature  differences) 
at  various  positions  along  the  propagation  path.  At 
each  position,  the  diffraction  process  selects  a  most 
effective  scale  of  irregularity,  or  eddy,  whose  size  is 
sufficient  to  cause  a  half-wavelength  difference  in  path- 
length  to  the  receiver  for  two  extreme  rays  passing 
through  its  edges.  The  diffraction  effects  of  this  par- 
ticular eddy  dominate  over  those  of  other  eddies  at  the 
same  location. 

If  a  diverging  laser  beam  is  effectively  a  point  source, 
geometric  magnification  increases  the  size  of  the  received 
eddy  image  by  the  factor  L  z,  where  2  is  the  position 
along  a  beam  of  length  L.  The  image  drift  rate  at  the 
receiver  caused  by  the  local  eddy  drift  velocity,  de- 
pending on  the  wind  at  position  z,  is  also  increased  by 
the  same  factor.  Therefore,  the  received  optical  distur- 
bance is  larger  and  moves  faster  than  the  eddy  that 
produced  it.  Since  different  portions  of  the  path 
contribute  to  the  total  scintillation  pattern,  that  pattern 
will  be  continuously  evolving  because  of  the  relative 
speeds  of  the  different  sized  features  it  contains. 

To  measure  the  average  component  of  the  wind 
across  an  optical  path,  we  look  at  fluctuations  in  light 
intensity  in  two  small  apertures  spaced  along  the  direc- 
tion of  movement  of  the  pattern,  as  shown  in  Fig.  1. 
A  function  like  that  shown  in  Fig.  2  results  if  the  nor- 
malized covariance  of  the  logarithms  of  these  signals  is 
computed.  For  the  conditions  of  a  uniform  wind  at 
right  angles  to  the  optical  path  and  parallel  to  the 
separation  of  the  detectors,  and  for  uniform  refractive- 
index  structure  constant  (CV)  along  the  path,  some 
measure  of  the  time  scale  of  the  function,  e.g.,  the  time 
delay  to  the  peak  or  the  slope  of  the  function  at  zero 
delay,  could  be  used  to  derive  wind  speed,  lor  the  real 
case,  with  winds  of  arbitrary  direction  and  speed  along 
the  path,  and  with  a  non-uniform  distribution  of  ('„'-' 
along  the  path,  this  function  changes  not  only  in  time 
scale,  but  also  in  shape.  It  can  be  shown  (Lawrence  ct  al., 
1972),  for  uniform  CV  along  the  path,  that  the  slope  of 
the  function  at  zero  delay  has  a  known  relationship  to 
the  average  horizontal  wind  across  the  path,  even 
though  the  wind  along  the  path  is  non-uniform  in 
direction  and  speed.  Thus,  we  measure  the  slope  at  zero 
delay  to  determine  the  average  wind.  The  weighting 
function  of  the  wind  measurement  for  various  receiver 
separations  is  shown  in  Fig.  3  as  a  function  of 
ji  =  p(\L)  \  where  p  is  the  detector  spacing,  A  the  laser 
wavelength,  and  /.  the  path  length.  For  the  divergence 
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lie.  I.  The  genera]  arrangement  used  In  measure  the  average 
component  of  the  wind,  across  a  laser  beam,  parallel  In  I  ho 
("usually  horizontal)  spacing  of  two  detectors. 


lie.  2.  A  schematic  diagram  of  the  normalized  covariance 
function,  showing  the  delay  to  the  peak  and  the  slope  at  zero 
time  lag.  While  the  former  is  frequently  used  to  measure  pattern 
drift  velocities,  the  latter  is  more  suitable  in  the  optical  case 
where  the  pattern  decays  rapidly. 


measurement  reported  here,  /i  =  0.46.  This  separation, 
and  the  use  of  apertures  6  mm  in  diameter,  gave  a 
nearly  symmetrical  weighting  function  around  the 
center  of  the  path. , 

There  are  several  limitations  to  the  present  optical 
system,  but  we  no  not  believe  that  they  affected  the 
wind  measurements  reported  here.  The  wind  weighting 
function  is  strictly  correct  only  when  the  wind  measure- 
ment is  averaged  over  enough  time  so  that  CV  is 
statistically  uniform  over  the  path.  This  can  be  satisfied 
for  a  horizontal  path,  but  if,  for  example,  a  slant  path 
is  used  CV  will  tend  to  be  higher  at  the  lower  end  of  the 
path,  and  the  wind  in  this  portion  will  be  weighted 
more  heavily.  Random  variations  of  CV  will  distort  the 
measured  average  wind  speed  only  if  they  are  correlated 
with  the  variations  in  wind  speed.  A  reasonable  sup- 
position is  that  turbulence  is  strongest  at  locations  of 
maximum  wind  shear,  not  at  locations  of  maximum 
wind  speed.  If  so,  the  turbulence  tends  to  be  uncorre- 
cted with  the  wind,  and  the  average  obtained  by  the 
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I ■!('..  ^.  The  relative  weights  of  the  different  portions  of  the 
path  in  determining  the  optically  measured  wind.  The  parameter 
$  p'\/J"'  is  the  separation  of  the  sensors.  These  curves  are 
calculated  for  point  sensors;  the  finite  area  of  a  real  sensor  will 
tend  to  remove  the  negative  weights  near  the  receiver. 


226 


'44 


I  ( >  I '  R  \   \  I      OK      \ 


I'  I 


M  K.  T  KOROI.OC  V 


Vl)l  IMF    13 


EAST  |0r 


5^ 
WEST  I01- 


W 


jy*^. .  ^-^^ 


EAST   I0r 


Vn(m/sec)  0 


WEST  10 


12 
6/15/72 


i 
20 


24 


L 

04 


y-wtv^. 


12 
6/16/72 


lie  4.  A  comparison  of  the  average  wind  speed  (I'o)  measured  optically,  with  the  average 
of  the  readings  of  six  (fill  propcllor  anemometers  (I  ,)  uniformly  spaced  along  the  optical 
path.  Until  the  anemometers  and  the  optical  system  measure  the  component  of  wind  that  is 
horizontal  and  at  right  angles  to  the  path.  The  path  is  300  m  long,  oriented  north-south,  and 
3  m  above  the  ground. 


optical  svslem  is  unbiased.  A  second  source  of  error 
may  occur  when  there  is  a  combination  oi  high 
refractive-index  lluctuat ions  and  long  path.  L" ruler  these 
conditions,  a  so-called  saturation  effect  occurs,  in  which 
the  optical  scintillation  no  longer  increases  with  C,r. 
When  this  condition  occurs,  the  spherical  propagation 
equations  upon  which  the  optical  wind  measurement  is 
based  are  no  longer  correct.  The  result  is  that  the  optical 
measurement  will  underestimate  the  true  wind,  and  in 
severe  saturation  this  may  be  by  a  factor  of  2  or  more. 
Saturation  may  be  easily  detected  by  the  optical  system 
and  did  not  incur  on  the  300  m  paths  used  in  our 
divergence  experiment. 

before  undertaking   the  divergence  experiment,   we 


•if..  5.  The  layout  of  the  laser  triangle,  150  in  meteorological 

tower,  and  the  acoustic  sounder. 


compared  the  average  wind  speed  reading  of  one  of  the 
three  optical  systems,  over  the  same  height  and  path 
length  that  was  later  used,  with  the  average  of  the 
readings  of  six  (iill  propellor  anemometers  uniformlv 
spaced  along  the  optical  path.  The  anemometers  were 
oriented  to  read  the  component  of  wind  that  was 
horizontal  and  at  right  angles  to  the  optical  path.  The 
result  for  a  24-hr  period  is  shown  in  Fig.  4  and  appears 
to  oiler  full  prool  oi  satisfactory  performance. 

3.  Measurement  and  data  reduction 

The  measurements  were  made  at  Haswell,  Colo., 
during  a  two-week  period  in  the  beginning  of  August 
1°72.  The  Haswell  area  has  a  typical  high-plain 
meteorological  regime  with  strong  radiative  cooling 
during  the  night  and  strong  solar  heating  and  conveclive 
activity  during  the  day. 

Three  separate  optical  systems,  each  consisting  of  a 
3-m\Y  He-N'e  laser,  two  photodiode  receivers,  and  a 
small  specialized  computer  providing  a  real-time  read- 
out of  average  wind  speed,  were  used  in  the  experiment. 
The  optical  paths  formed  an  equilateral  triangle,  300  m 
on  a  side  and  2.3  m  above  the  ground.  Fig.  5  shows  the 
location  of  the  laser  triangle  relative  to  the  meteoro- 
logical tower  and  the  acoustic  sounder.  The  terrain  near 
the  triangle  is  flat  and  free  from  any  obstacles  for  a 
minimum  of  3  km  in  any  direction.  The  area  is  covered 
with  chimps  of  buffalo  grass  (^15  cm  in  height).  Since 
each  optical  path  was  arranged  to  read  an  outflowing 
wind  as  positive,  the  sum  of  'the  readings  of  all  three 
paths  represents  the  average  horizontal  wind  speed  out 
of  the  triangle.  The  individual  wind  readings  for  each 
optical  path,  smoothed  with  a  10-sec  running  average, 
as  well  as  the  scalar  sum  of  all  three,  were  recorded 
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simultaneously  on  si  rip  chart  recorders  and  on  ;i  digital 
tape  recorder. 

The  horizontal  wind  divergence  is  given  bv 


V,,-V  = 


/-(ro+ruu+rs,,,} 


where  ?»,  run,  f:m  are  the  wind  components  transverse 
to  the  east-west,  30°-210°  and  150°  330°  triangle  sides, 
respectively;  /.  is  the  side  of  the  triangle;  and  .1  the 
area  of  the  triangle. 

Typical  recordings  of  divergence  during  periods  of 
large  conveclive  activity  and  stable  conditions  art' 
shown  in  Fig.  6.  Convergence  of  10"-'  sec  '  over  periods 
of  minutes  is  common  during  daytime.  During  the 
night,  values  of  5X10-4  sec  '  are  normal.  This  value 
may  be  considered  the  upper  limit  of  the  noise  level  oi 
the  divergence  measurement.  Tn  the  comparison  be- 
tween divergence  and  vertical  velocity,  a  l()()-se<  run- 
ning average  was  used.  The  space-time  average  wind 
velocity  was  computed  by  using  the  wind  components 
measured  over  two  of  the  triangle  sides.  This,  of  course, 
gives  a  redundant  estimate  oi  the  velocity  as  we  have 
three  pairs  of  legs  on  a  triangle. 

Using,  for  example,  the  east  west  and  30°  210°  pair, 
the  horizontal  space  average  wind  speed  I  ,  can  be 
expressed  in  terms  of  the  two  components  ;n  and  rj-n  as 


Vs 


2i>,M+r, 
3 


+r, 


and  the  direction  «  from  which  the'  wind  is  blowing  as 
*oV3 


/     va\6     \ 
«=tan~'[- J 


+  1X0°. 


Using  the  other  pairs  of  the  triangle,  similar  expressions 
are  obtained. 

The  meteorological  tower  was  instrumented  to  mea- 
sure vector  wind  by  the  use  of  bivanes  at  five  fixed 
levels:  31,  62,  93,  124  and  149  m.  The  acoustic  sounder 
inside  the  triangle  was  pointing  vertically,  and  its 
records  were  compared  with  the  measured  inflow  into 
the  triangle.  All  data,  except  the  acoustic  sounder  data, 
were  sampled  once  per  second  and  recorded  on  digital 
tapes.  The  acoustic  sounder  data  were  recorded  (both) 
on  facsimile  and  analog  tapes. 

4.  Results 

</.  Comparison  oj  divergence  and  the  acoustic  sounder 

Considerable  evidence  now  exists  that  plume-like 
st  ructurc  can  be  seen  by  an  acoustic  sounder  (McAllister 
it  nl.,  1969;  Benin,  1971).  Fig.  7  shows  an  acoustic 
sounder  record  and  a  divergence  for  predominately 
large  conveclive  activity.  The  dark  portions  on  the 
sounder  record  correspond  to  thermal  plumes  and  their 
height  indicates  the  height  of  the  plumes,  while  the 
white  "gaps"  are  interpreted  as  area  between  plumes. 
The  solid  line  is  the  divergence  measured  by  the  optical 
system.  Convergence  is  upward  on  the  figure. 

The  correspondence  between  the  measured  conver- 
gence and  the  plumes  as  seen  by  the  acoustic  sounder  is 
mostly  good,  although  some  discrepancies  can  be  seen 
especially  after  1440  local  time.  Note  that  while  the 
divergence  is  measured  at  a  height  of  about  2  m  above 
ground,  the  lowest  height  seen  by  the  acoustic  sounder 
is  about  50  m,  making  an  absolute  comparison  between 
the  two  systems  difficult. 
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lie.  7.  Comparison  between  the  plumes  seen  by  the  acoustic  sounder  and  the  flow  into 
the  triangle.  Large  plumes  are  associated  with  large  convergence.  The  solid  line  is  the  diver- 
gence measured  by  the  optical  system. 


b.  Correlation  of  divergence  and  vertical  'wind 

The  vertical  velocity  is  related  to  the  divergence  field 
through  the  equation  of  continuity  as 


vVV=  — 


du> 


dz 


Fig.  8  shows  a  typical  set  of  cross-correlation  curves 
between  the  divergence  and  the  vertical  wind  and 
gradient  on  the  tower  during  strong  convective  activity 
Because  the  tower  is  outside  the  triangle,  the  peak  in 
the  cross  correlations  does  not  occur  at  zero  lag  but  is 
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Fig.  8.  Cross-correlation  curves  between  divergence  and  vertical 
wind,  and  divergence  and  vertical  wind  gradient  for  the  different 
levels  on  the  tower.  Solid  lines  are  divergence  vs  vertical  velocity 
and  dotted  lines  divergence  vs  vertical  wind  gradient. 


shifted  in  time  corresponding  to  the  travel  time  between 
the  tower  and  the  center  of  the  triangle.  For  the  case 
chosen  the  wind  direction  was  along  a  line  between  the 
center  of  the  triangle  and  the  tower.  The  negative  lag 
means  that  the  divergence  is  lagged  behind  the  vertical 
wind  on  the  tower. 

One  of  the  interesting  features  in  Fig.  8  is  the  differ- 
ence in  correlation  between  vVV  and  —dw/dz,  and 
between  vV  V  and  iv.  From  these  curves,  we  see  that  in 
the  case  of  plumes,  the  convergence  into  the  plumes  is 
more  determined  by  the  vertical  wind  than  by  the 
gradient  of  the  same.  These  results  seem  to  agree  with 
Morton  et  al.  (1956),  who  assumed  that  the  entrainment 
into  plumes  was  proportional  to  the  upward  velocity. 
It  might  be  argued  that  this  picture  might  have  been 
different  if  we  had  had  a  measurement  of  the  vertical 
wind  at  the  same  height  as  the  divergence  measure- 
ment. Due  to  the  100-sec  running  average,  however, 
we  are  looking  at  a  large  population  of  plumes  which 
should  not  differ  much  from  5  to  30  m,  so  we  believe 
that  our  results  give  a  reasonably  correct  picture. 

Another  interesting  feature  of  these  curves  is  the 
relative  time  shift  between  the  peaks  in  the  cross 
correlations  for  the  vertical  wind  at  the  different  levels 
indicating  that  the  plumes  or  convective  currents  are 
tilted.  The  tilt  is  in  the  downwind  direction.  This  corre- 
sponds to  what  Kaimal  and  Businger  (1970)  have 
reported  for  a  single  plume.  The  plumes  are  passing  the 
four  upper  levels  on  the  tower  at  about  the  same  time 
but  some  20-30  sec  earlier  than  the  lowest  level  (30  m). 

In  all  the  cases  we  have  analyzed,  the  plumes  were 
tilted  in  the  lowest  60  m,  whereas  from  60  to  150  m 
almost  no  tilting  was  observed. 

The  third  feature  that  should  be  observed  in  Fig.  8  is 
the  periodicity  in  the  cross-correlation  curves  indicating 
that  there  is  a  periodicity  in  the  development  of  con- 
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vective  currents  in  the  boundary  layer.  The  time 
between  the  two  cross-correlation  maxima,  which  might 
be  interpreted  as  the  period  between  a  set  of  plumes, 
is  360  sec. 

Panofsky  (1973)  has  recently  shown  that  the  plumes 
seem  to  move  with  a  speed  close  to  the  local  wind.  Tn 
this  case  the  wind  was  about  1.5  m  sec-1  at  the  height 
of  the  triangle,  giving  us  a  separation  in  space  of  about 
540  m  between  every  major  set  of  plumes.  This  scale 
size  seems  to  agree  with  what  Ackerman  (1967)  has 
reported  for  convective  clouds.  She  found  scale  sizes 
of  400-900  m.  This  periodicity  was  only  found  during 
large  convective  activity.  During  the  morning  and  the 
evening  hours  correlation  curves  like  curve  B  shown  in 
Fig.  9  are  typical.  The  magnitude  of  the  correlation 
between  W  V  and  w  seems  to  change  very  little  during 
the  day,  but  the  plumes  are  released  mure  randomly 
with  no  outstanding  size  contributing  to  the  cross 
correlation  during  the  morning  and  evening  hours. 

c.  Daily  variation  of  the  divergence 

As  shown  in  Fig.  6,  a  great  difference  exists  between 
the  divergence  during  day  and  night.  In  the  morning 
and  evening,  we  found  that  the  flow  was  out  of  the 
triangle  about  60%  of  the  time.  During  heavier  con- 
vective activity  in  the  middle  of  the  day,  the  flow  was 
into  the  triangle  60%  of  the  time.  In  the  middle  of  the 
day  peak  values  in  convergence  (10  -  sec""1)  were  found 
over  periods  of  1-2  min.  The  standard  deviation  was 
normally  in  the  order  of  4X10  3  sec"1. 

</.  Space  average  of  wind  velocity 

As  shown  in  Fig.  4,  this  technique  measures  the 
transverse  space-averaged   wind  component.    Iiv   eom- 
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liG.  10.  A  comparison  of  the  three  values  of  the  wind  vector 
determined  from  the  laser  triangle.  Wind  direction  and  speed  are 
shown  in  the  upper  and  lower  parts  of  the  figure,  respectively. 
A  20-min  running  average  has  been  applied  to  the  data  to  smooth 
out  the  effect  of  convective  activity. 

bining  two  components  as  shown  in  Eqs.  (2)  and  (3), 
we  get  the  total  horizontal  wind  vector.  Since  three 
components  are  available,  these  can  be  combined  to 
give  three  values  of  the  wind  vector.  By  applying  a 
20-min  running  average  to  the  data  to  smooth  out 
convective  activity  and  comparing  these  three  values, 
we  have  a  measure  of  the  ability-  of  the  system  to  obtain 
the  space-time  averaged  horizontal  wind  vector. 

Fig.  10  shows  plots  of  the  three  values  of  the  wind 
vector  for  nearly  6  hr,  with  direction  and  speed  shown 
in  the  upper  and  lower  parts  of  the  figure,  respectively. 
For  a  wind  speed  higher  than  about  2  m  sec-1,  we  see 
that  it  makes  little  difference  which  two  of  the  three 
components  are  used  to  calculate  the  horizontal  wind 
vector.  When  the  wind  speed  drops  below  about 
2  m  sec  '  the  differences  increase,  very  likely  from 
several  causes.  Due  to  slight  differences  in  the  terrain 
along  the  triangle  legs,  irregular  wind  patterns  can 
persist  over  the  triangle  and  be  more  pronounced  during 
light  wind  conditions.  In  addition,  instrumental  errors 
appear  as  a  fraction  of  the  full-scale  wind  setting  chosen, 
which  was  10  m  sec-1  for  the  case  shown.  Recent  modi- 
fications to  the  instrumentation  have  reduced  this 
source  of  error. 

Figs.  11  and  12  compare  the  wind  speed  and  direction 
calculated  from  the  component  measurement  and  the 
same  quantities  measured  at  the  30-m  level  on  the 
tower.  All  recordings  are  10-sec  averages.  The  wind 
recordings  at  the  tower  are  shifted  40  sec  in  time  to 
compensate  for  the  travel  time  from  the  triangle  to  the 
tower.  The  differences  in  the  wind  speed  magnitude 
are  expected  because  of  the  difference  in  height  above 
ground.  Using  the  logarithmic  wind  profile  to  calculate 
the  wind  speed  at  the  30  m  level  from  the  wind  speed 
measured   with   the  optical   technique,  we  obtain   the 
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In..  1 1,  Comparison  ol  wind  speed  measured  at  tin  30  m  level 
.hi  i In-  lower  plotted  line)  with  the  wind  speed  calculated  from 
the  triangle  measurement  (solid  line).  The  clashed  line  is  the 
calculated  logarithmic  wind  profile  using  a  roughness  parameter 
5u  of  4  cm,  and  a  frit  lion  veloi  ity  n+  of  2(1  cm  sec"1. 

dashed  line  curve  shown  in  lig.  11.  A  roughness  param- 
eter 3(i  .mil  a  frit  lion  velocity  «*  of  4  cm  and  20  cm  sec  ', 
respectively,  were  used.  These  values  arc  regarded  as 
reasonable  lor  the  type  of  ground  cover  and  wind  speed 
we  encountered. 

The  correlation  between  the  two  tvpes  <>i  measure 
ments  is  very  good.  The  larger  variance  of  the  wind 
measured  at    the   tower  is  expected   because   this  is  a 
point    measurement,    while   the   optical    wind    measure- 
ment is  an  average  both  in  time  and  spare. 


1400 


1500 


Local  time 


I  K..  12.  Comparison  of  wind  direction  measured  at  the  30  m 
level  on  the  lower  'dotted  line)  and  that  calculated  From  the 
laser  wind  measurement  'solid  line). 


5.  Conclusion 

It  has  been  shown  that  a  wind  measuring  system 
using  three  separate  optical  systems,  each  consisting 
of  a  >■>  m\Y  He-Xe  laser  and  two  photodiode  receivers, 
forming  a  equilateral  triangle,  is  successful  in  measuring 
the  divergence  over  a  small  enclosed  area.  By  using  two 
of  the  optical  systems,  we  can  get  a  space-averaged 
horizontal  wind  vector.  The  thermal  plumes  as  seen  by 
the  acoustic  sounder  and  the  convergence  compare  well. 
The  correlation  between  the  divergence  and  the  vertical 
wind  measured  on  the  tower  shows  that  the  entrainment 
into  plumes  is  proportional  to  the  vertical  velocity. 

During  periods  with  large  convective  activity  a 
certain  periodicity  in  the  development  of  plumes  is 
found. 
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DEVELOPMENT  OF  A  GROUND-BASED  OPTICAL  METHOD 
FOR  MEASURING  ATMOSPHERIC  TURBULENCE  ALOFT 

G.  R.  Ochs,  S.  F.  Clifford,  R.  S.  Lawrence,  and  Ting-i  Wang 


We  analyze  the  potential  of  ground-based  remote  sensing  techniques  with 
a  view  toward  developing  a  practical,  continuous  monitor  of  upper  air  temper- 
ature turbulence.  The  analysis  proceeds  from  the  crude  single-aperture  meas- 
urements of  stellar  scintillation  to  multiple-aperture  spatial  filtering 
and  ultimately  to  multiple  source  and  receiver  configurations.  For  multiple 
sources  we  consider  both  resolvable  and  unresolvable  pairs  of  stars.  We  de- 
rive, and  check  by  observation,  path  weighting  functions  for  optical  refrac- 
tive-index fluctuations  and  describe  techniques  for  optically  sharpening 
their  peaks. 


232 


Reprinted  from  APPLIED  OPTICS,  Vol.  15,  page  I,  January  1976 
Copyright  1976  by  the  Optical  Society  of  America  and  reprinted  by  permission  of  the  copyright  owner 


Remote  Doppler  velocity  measurements  of 
atmospheric  dust  devil  vortices 

R.  L.  Schwiesow  and  R.  E.  Cupp 

ERL/NOAA    Wave    Propagation    Laboratory,    Boulder, 

Colorado  80302. 

Received  17  October  1975. 

Sponsored  by  F.  S.  Harris,  Jr.,  Old  Dominion  University. 

We  report  here  what  we  believe  to  be  first  remote  mea- 
surement of  the  velocity  structure  in  a  small-scale,  natural 
atmospheric  vortex.  While  the  dust  devil  data  are  inter- 
esting in  their  own  right,  the  practical  demonstration  of  the 
applicability  of  the  optical  Doppler  technique  to  field  mea- 
surements on  natural  vortices,  such  as  for  waterspout  and 
tornado  research,  is  the  point  we  wish  to  stress. 

Basically,  the  cw  ir  (10.6-Mm)  Doppler  system  measures 
the  line-of-sight  velocity  components  of  atmospheric  aero- 
sols within  the  diffraction-limited  focal  volume  of  the  opti- 
cal system.  This  sensing  volume  at  the  3%  irradiance  level 
is  approximately  a  cylinder  1.88  X  10-  '  r-  m  long  by  1.70  X 
10-1  r  m  diam,  where  r  is  the  range  in  meters,1  for  our 
present  system.  At  typical  ranges  the  azimuth  and  eleva- 
tion resolution  is  very  good,  but  the  range  resolution  ele- 
ment includes  the  entire  depth  of  the  vortex.  Because  the 
return  signal  is  aerosol-concentration  weighted,  good  range 
resolution  is  not  required  to  distinguish  the  vortex  from 
ambient  flows.  Principles  of  the  homodyne  extraction  of 
Doppler  velocity  information  from  the  return  signal  have 
been  discussed  elsewhere.-  ,; 

The  velocity  spectra  obtained  are  actually  line  integrals 
over  the  range  resolution  element,  weighted  by  the  aerosol 
backscatter  coefficient  at  10.6  ^m.  Although  calculations 
on  water  aerosols  have  been  done  at  10.6  ^ni,'  ir  backscat- 
ter data  for  dusts  are  not  available  in  a  form  suitable  for  di- 
rect use  in  our  analysis.  In  general,  one  expects  the  most 
significant  Doppler  return  from  aerosols  in  the  1-10-^m 
diam  range,  whereas  visual  aspects  are  more  strongly  af- 
fected by  smaller  aerosols.  Our  qualitative  observations 
have  shown  that  some  visually  dense  dust  devils  are  only 
fair  ir  scatterers,  though  other  dust  devils  invisible  to  the 
eye  return  a  strong  Doppler  signal.  Only  estimates  of  the 
dimensions  of  the  vortices  were  made  since  an  investigation 
of  dust  devil  morphology  was  not  an  objective  of  this  study. 

Data  were  collected  on  over  forty  dust  devils  during  July 


1975  at  the  Gila  Indian  Reservation  south  of  Phoenix  and 
at  the  Nevada  test  site  of  ERDA.  Figure  1  reproduces  ve- 
locity spectra  from  a  small  representative  vortex.  The  vor- 
tex, at  approximately  300-m  range,  was  scanned  7  m  above 
the  surface.  The  visual  diameter  of  the  optically  thin  vor- 
tex at  this  height  was  approximately  2  m.  Correlation  with 
cinematography  taken  simultaneously  with  the  velocity 
data  reveals  that  the  corresponding  dust  devil  was  of  the 
broad,  turbulent  type  (vase  configuration),  which  often 
shows  subvortices,  rather  than  the  narrow,  intense,  singular 
variety. H  The  mean  wind  of  3.5  msec-1  was  perpendicular 
to  the  line-of-sight  direction,  so  that  ambient  velocity  ef- 
fects are  negligible  in  the  spectra  of  Fig.  1. 

Although  the  data  will  be  analyzed  in  more  detail  later 
from  the  point  of  view  of  dust  devil  velocity  structure, 
three  preliminary  observations  can  be  reported. 

(1)  Peak  horizontal  velocity  components  in  dust  devils 
are  small.  We  observed  components  up  to  10  msec  '  near 
Phoenix  and  up  to  22  msec-1  at  the  Nevada  test  site  in 
these  series  of  tests.  Such  values  are  larger  than  those  ob- 
served with  cup  anemometers  at  other  locations9  but  are 
not  surprising  in  light  of  the  very  high  spatial  and  temporal 
resolution  of  the  ir  Doppler  system. 

(2)  The  characteristic  double-hump  velocity  spectrum 
associated  with  the  complex  vase  configuration  vortices,  ev- 
ident on  two  traces  in  Fig.  1,  gives  quantitative  evidence  for 
the  embedded  subvortices  inferred  by  Sinclair  from  direc- 
tion-vane data.1"  In  general,  subvortex  tangential  veloci- 
ties (one-half  the  peak  separation)  were  about  25%  of  the 
parent  vortex  rotational  velocity,  but  one  case  of  a  subvor- 
tex velocity  of  0.9  msec-1  in  a  1.4-msec-1  mean  rotational 
flow  was  observed. 

(3)  Data  taken  through  the  axis  of  the  vortex,  where 
only  turbulent  velocity  components  along  the  line  of  slight 
are  expected,  reveal  a  definite  periodicity  in  both  peak 
wind  observed  and  the  velocity  at  the  spectral  intensity 
peak.  This  suggests  either  the  effect  of  large,  slow  subvor- 
tices or  the  existence  of  waves  on  the  circumference  of  the 
main  vortex  itself.  Such  waves  may  be  the  precursor  of  the 
formation  of  embedded  subvortices. 

The  characteristic  behavior  of  the  velocity  spectra  in 
dust  devils  as  one  scans  across  the  diameter  from  the  visual 
edge  to  the  center  is  expressed  in  Fig.  1.  A  rather  sharp 
tangential  velocity  peak  at  the  edge  of  the  vortex  gives  way 
to  a  broader  spectrum  as  various  velocity  components  con- 
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tribute  within  the  sensing  volume.  For  the  vase-type  vor- 
tices, the  broad  spectrum  breaks  into  double  peaks  as  sub- 
vortices  are  detected.  As  the  measurement  angle  moves 
toward  the  vortex  axis,  the  turbulent  spectrum  fills  in 
toward  zero  velocity.  When  the  mean  wind  is  a  significant 
fraction  (20%  or  more)  of  the  rotational  velocity,  the  lead- 
ing edge  of  the  vortex  (downwind  side)  has  a  more  sharply 
defined  spectrum  than  the  upwind  edge. 
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For  practical  optical  applications,  the  remote  Doppler 
velocity  measurement  system  has  proven  utility.  Experi- 
ence has  shown  that,  partly  because  of  optical  simplicity 
and  the  ir  wavelengths,  such  a  system  can  operate  without 
realignments  or  adjustments  after  more  than  1500-km 
transport  on  a  heavy-duty,  four-wheel  drive  vehicle.  On- 
site  setup  time  was  demonstrated  to  be  less  than  10  min  on 
initial  starting  and  less  than  2  min  after  detector  cool- 
down.  Power  requirements  for  such  a  highly  mobile  sys- 
tem allow  it  to  be  self-contained  with  its  own  5-kW  genera- 
tor. It  has  been  found  that  effective  operation  is  facilitat- 
ed by  a  two-man  crew. 


This  reported  experiment  demonstrates  the  feasibility  of 
the  remote,  ir  Doppler  velocity  measurement  of  natural  at- 
mospheric vortices.  Application  of  the  system  to  water- 
spouts and  tornadoes  are  obvious  extensions  of  the  work. 

This  work  was  supported  in  part  by  NOAA  and  EPA. 
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Fig.  1.      Representative  velocity  spectra  of  a  dust  devil  with  spec- 
tra from  the  outer  edge  to  the  center  of  the  vortex  corresponding 
to  the  bottom  and  the  top  of  the  figure,  respectively. 
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Temperature  dependence  and  cross  sections  of  some 
Stokes  and  anti-Stokes  Raman  lines  in  ice  Ih 

R.  B.  Slusher  and  V.  E.  Derr 


Radiation  at  X  =  488.0  nm  was  used  to  obtain  Raman  scattering  in  ice  Ih  (atmospheric  pressure,  hexagonal 
structure).  New  Stokes  spectra  were  detected  for  frequency  shifts  less  than  50  cm-1,  and  new  anti-Stokes 
spectra  were  observed  for  frequency  shifts  to  —212.5  cm-1.  Measurements  of  total  differential  Raman 
scattering  cross  sections  were  made  for  some  bands  in  ice  Ih  and  liquid  water.  The  temperature  depen- 
dence of  the  ratio  of  a  pair  of  Stokes-anti-Stokes  lines  is  given  for  ice  Ih. 


Introduction 

Water  (ice  and  liquid)  was  one  of  the  first  sub- 
stances in  which  the  Raman  effect  was  demon- 
strated.1 Since  1928,  work  on  the  Raman  effect  in 
ice  and  liquid  water  has  been  handicapped,  until  re- 
cent years,  by  the  lack  of  high  intensity  light  sources 
and  efficient  spectrometers  that  eliminate  scattering 
from  the  intense  illuminating  lines  that  would  other- 
wise obscure  weaker  close-lying  Raman  lines.  Now, 
available  spectrometers  resolve  low  intensity  lines 
spectrally  close  to  the  exciting  radiation,  and  high 
power  lasers  can  provide  radiation  whose  spectral 
brightness  is  several  orders  of  magnitude  greater 
than  that  obtained  from  other  light  sources. 

With  these  new  research  tools  it  is  possible  to 
study  the  Raman  effect  in  greater  detail  and  apply  it 
to  new  fields.  One  such  field  that  has  attracted 
much  interest  in  recent  years  is  that  of  atmospheric 
remote  sensing.  With  high-powered  lasers  as  sources 
of  intense  monochromatic  radiations,  even  weak  in- 
teractions such  as  Raman  scattering  can  be  detected 
and  used  to  measure  atmospheric  parameters. 

The  principal  characteristic  of  Raman  scattering 
that  makes  it  applicable  to  remote  sensing  is  the  fre- 
quency shift  of  the  scattered  radiation  from  the  inci- 
dent radiation,  producing  a  spectral  separation  of  the 
weak  Raman  and  strong  Rayleigh  scattering.  This 
separation  can  be  used  advantageously  in  laser  re- 
mote sensing  by  using  appropriate  interference  filters 
to  block  the  Rayleigh  scattering,  thus  allowing  detec- 
tion of  the  Raman  spectrum  that  uniquely  identifies 
the  scattering  molecule.     The  use  of  Raman  lidar 

V.  E.  Derr  is  with  NOAA  Environmental  Research  Laboratories, 
Wave  Propagation  Laboratory,  Boulder,  Colorado  80302.  R.  B. 
Slusher  is  with  Control  Laser  Corporation,  11222  Astronaut  Bldg., 
Orlando,  Florida. 
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(light  detection  and  ranging)  as  an  atmospheric  re- 
mote sensing  tool  is  described  by  Cooney,2,3  Derr  and 
Little,4  Kobayasi  and  Inaba,5,6  Leonard,7  Schotland 
and  Reiss,8  Strauch  et  o/.,910  Derr,11  and  others. 

Raman  scattering  parameters  of  ice  Ih  useful  for 
atmospheric  remote  sensing  include  frequency  shifts, 
line  widths,  and  total  differential  scattering  cross  sec- 
tions. (The  total  differential  scattering  cross  section 
is  the  differential  scattering  cross  section  integrated 
over  the  line  width.) 

Stokes  and  anti-Stokes  lines  not  previously  ob- 
served are  reported.  In  addition  measurements  of 
the  ratio  of  the  irradiance  of  some  Stokes  to  anti- 
Stokes  lines  were  made  as  functions  of  temperature. 
This  article  describes  measurements  made  on  Raman 
bands  of  ice  Ih  and  liquid  water  selected  for  applica- 
tion to  remote  sensing  of  cloud  parameters. 

Experimental  Arrangement 

The  488.0-nm  line  of  an  argon  ion  laser  with  a 
power  of  1  W  was  coupled  into  a  clear  cell  of  ice  Ih  by 
a  5-cm  focal  length  lens.  Scattered  light  normal  to 
both  the  focused  laser  beam  and  its  polarization  vec- 
tor was  focused  into  the  entrance  slit  of  a  SPEX 
model  1401  double  spectrometer.  An  EM  9781B 
photomultiplier,  operated  at  750  V,  was  used  to  de- 
tect the  signal  at  the  exit  slit.  The  signal  from  the 
photomultiplier  was  amplified,  discriminated  with  a 
single  channel  analyzer,  and  measured  by  a  linear  ra- 
temeter. 

The  sample  cell  of  ice  Ih  was  frozen  slowly  from 
one  side  so  that  any  bubbles  that  formed  tended  to 
be  in  the  water  that  froze  last.  This  left  a  section  of 
bubble-free  ice  through  which  the  beam  could  propa- 
gate, and  the  right-angle  scattering  could  be  ob- 
served. The  sample  cell  was  kept  at  a  constant  tem- 
perature by  placing  it  in  an  insulated  container  that 
was  cooled  by  blowoff  from  a  small  liquid  nitrogen 


235 


STYROFOAM 


— ' 


'        I    ' 


ICE  CELL 


\ 


I    ^ 


— '"„         ,i,i 


DOUBLE 
WINDOWS 


TO 


SPECTROMETER 


COLD  N2  GAS 


^LEMS 
LASER  BEAM 


Fig.     1.     Cooler     and     sample     eel 


reservoir  variably  heated  with  a  coil  of  nichrome  re- 
sistance wire.  The  temperature  of  the  container 
could  be  adjusted  from  — 3°C  to  —  50°C  by  increasing 
the  current  in  the  resistance  wire.  The  container 
and  sample  cell  are  illustrated  in  Fig.  1. 

Experimental  Procedure  and  Results 

The  Raman  spectrum  of  ice  Ih  was  observed  over 
the  frequency  region  \v  -  —4000  cm-1  to  \v  +4000 
cm-1,  \v  the  frequency  shift  of  the  Raman  spectrum 
from  that  of  the  pump  radiation.  The  resolution  of 
the  spectrometer  varied  from  3.5  cm-1  at  Ai>  =  —4000 
cm-1  to  1.5  cm-1  at  \v  =  +4000  cm-1.  This  resolu- 
tion is  adequate  for  observing  the  broadbands  that 
occur  in  the  Raman  spectrum  of  ice  Ih;  they  are  typi- 
cally wider  than  20  cm-1.  Table  I  lists  the  band  cen- 
ters observed  in  this  region,  and  Fig.  2  shows  the 
bands  of  interest.  The  Stokes  and  anti-Stokes  bands 
are  paired  horizontally  in  the  table  although  there 
are  some  discrepancies  of  frequency  shifts.  These 
discrepancies  can  be  explained  by  the  difficulty  of 
determining  the  center  of  a  broadband  and  also  be- 
cause some  of  these  bands  may  be  composite  bands 
consisting  of  two  or  more  bands  whose  Stokes  to  anti- 
Stokes  intensity  ratios  vary  differently. 

The  band  pair  at  ±212  cm"1'  having  the  greatest 
observed  anti-Stokes  intensity,  was  chosen  to  mea- 
sure the  Stokes  to  anti-Stokes  band  intensity  ratio  vs 
temperature.  Measurements  of  this  ratio  were  made 
between  — 3°C  and  —  50°C  as  shown  in  Fig.  3.  A 
straight  line  fit  was  made  to  the  data.  The  slope  of 
the  line  is  -2.41  IRU/°C  (IRU:  relative  intensity 
ratio  units  of  the  band  peaks).    The  accuracy  of  the 


temperature  measurement  varied  approximately  lin- 
early from  ±0.3°C  at  0°C  to  ±1.0°C  at  -50°C.  In- 
tensity measurements  were  made  with  a  standard  de- 
viation of  5%  at  the  higher  temperatures,  increasing 
to  12%  at  the  lower  temperatures.  The  standard  de- 
viation of  the  data  points  (measured  vertically)  from 
the  best-fit  line  is  5.9  for  all  points. 

The  data  in  Fig.  3  in  the  temperature  range  above 
— 8°C  is  not  entirely  trustworthy  because  of  the  un- 
certainty in  the  freezing  point  of  water.  Dorsey12  has 
shown  the  dependence  of  the  freezing  point  on  nu- 
cleation  and  the  previous  history  of  the  sample.  In 
this  experiment,  distilled  water  and  clean  vessels 
sometimes  prevented  freezing  at  0°C.  The  presence 
of  small  amounts  of  liquid  water  was  difficult  to  ob- 
serve in  the  sample;  the  temperature  was  lowered 
until  scattered  light  showed  no  evidence  of  water  in- 
clusions. 

The  992-cm-1  Raman  line  in  benzene  was  used  as  a 
standard  to  measure  total  differential  Raman  scat- 
tering cross  sections.  The  absolute  scattering  cross 
section  of  this  line  had  been  measured  by  Skinner 
and  Nilsen13  using  the  488.0-nm  line  of  an  argon  ion 
laser.  Their  value  for  the  peak  differential  scattering 
cross  section  was  1.05  (±0.08)  X  10-29  cm2/molecule/ 
sr/wavenumber/plane  of  polarization.  A  comparison 
between  the  intensity  of  the  band  in  liquid  H2O  at 
3400  cm-1  and  the  992-cm-1  line  of  benzene  was 
made.  This  yielded  a  value  for  the  peak  differential 
scattering  cross  section  of  the  3400-cm_1  band  in 
water.  It  was  then  possible  to  compare  this  band 
with  the  3200-cm_1  band  in  ice  Ih.  In  turn  those  at 
+  212  cm-1  and  —212  cm-1  in  ice  Ih  were  compared 
to  the  3200-cm~1  band.  These  comparisons,  linked 
to  the  previously  measured  benzene  standard  line, 
yielded  total  differential  scattering  cross  sections, 
which  are  listed  in  Table  II. 

In  these  relative  scattering  cross  section  measure- 
ments differences  in  number  density  between  ben- 
zene, liquid  H2O,  and  ice  Ih  and  differences  in  their 


Table  I.     Observed  Band  Centers  in  Ice  Ih 
from  Av  =  -4000  cm-'  to  Au  =  +4000  cm-' 


Stokes  bands 


Relative  Relative 

intensity"     Anti-Stokes  bands      intensity 


22.9  cm-"' 

0.004 

-25.0  cm-'6 

0.001 

40.4  cm-1" 

0.003 

-35.9  cm-'6 

0.001 

54.1  cm-1 

0.005 

-49.6  cm"'6 

0.004 

212.9  cm"1 

1.0 

-212.5  cm"' 

0.01 

3141.6  cm"1 

10.0 

3264.0  cm"' 

7.5 

3348.0  cm"' 

6.5 

a  The  intensities  of  the  band  centers  were  measured  rela- 
tive to  the  intensity  of  the  band  center  at  212.9  cm"1.  Slit 
width  on  the  spectrometer  was  kept  constant,  and  correc- 
tions were  made  for  variations  in  detection  efficiency.  The 
total  differential  Raman  scattering  cross  section  of  the  band 
whose  center  is  at  212.9  cm"'  is  (from  Table  II)  2.3  (±0.1) 
x  10"'"  (cm:/molecule-sr). 

''  Newly  observed  spectra.  Data  taken  at  —19  C. 
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Fig.  2.     Raman  bands  of  interest 
in  ice  Ih  and  liquid  H20. 
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Fig.  3.     Stokes  to  anti-Stokes  scattering  ratio  for  the  ±212-cm 
bands  in  ice  Ih. 


Table  II.     Total  Differential  Raman  Scattering 
Cross  Sections 


Band 


Cross  section 
(cm2/molecule-sr) 


Ice Ih (2800-3700) 
Ice  Ih  (100-375) 
Icelh  (-100  to  -375) 
Liquid  H, 0(2800-3700) 


2.8  (±0.2)  x  10"" 
2.3  (±0.1)  x  10-10 
2  x  10-'2 
4.5  (±0.3)  x  lO"29 


Table  III.     Band  Designations  in  Ice  Ih 


Band  center 
(cm"') 


Type  of  molecular  motion 


50 

212 

1000 

1650 

2300 

3200 
4000 


Intermolecular  vibration 

Intermolecular  vibration 

Librations  (oscillating  rotary  motion) 

Molecular  vibrations 

Possible  harmonics  of  librational  and 

translational  modes 
O— H  stretching 
Harmonics  of  above  motions 
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Table  IV.     Raman  Bands  Observed  in  Ice  Ih  Units  of  Spatial  Frequency  (cm"1) 


Taylor  and 

Gross  and 

This  work 

Whallev  (1963) 

Ockman  (1957) 

Maisch  (1956) 

Valkov (1959) 

Narayanaswany 

-10°C 

77°K 

-18°C                       -145  C 

-150°C 

-4°C 

(1948) 

-212.5 

-49.6 

-35.9 

-25.0 

22.9 

40.4 

52.0 

54.1 

212.9 


122 
163 


205 


225 


68 

83 
100 

152 


219 


292 

330 

356 

373 

458 

466 

516 

567 

566 
659 

3142 

3085 

3139 

3089 

3159 

3264 

3210 

3259 

3215 

3275 

3320 

3307 

3302 

3348 

3353 
3403 

3345 
3410 

3370 

177 
193 
212 
232 
252 
272 
299 


213.1 


3147 
3264 

3347 


refractive  indices  (which  affect  the  solid  angle  of  light 
gathering  by  the  coupling  optics)  were  accounted  for. 
The  detection  efficiency  (dependent  on  wavelength) 
was  determined  over  the  entire  spectral  region  of  in- 
terest and  was  used  to  normalize  the  data. 

Discussion 

The  Raman  spectrum  of  ice  Ih  has  been  previously 
studied  from  Au  =  20  cm-1  to  Ar  =  4000  cm-1  by 
Taylor  and  Whalley,14  Ockman,1'  Maisch, 1R  Gross 
and  Valkov,17  Narayanaswany,18  and  others.  The 
bands  in  this  region  can  be  classified  by  the  probable 
type  of  molecular  motion  as  shown  in  Table  III,  after 
Eisenberg  and  Kauzmann.19  The  spectral  region  in 
which  they  occur  is  indicative  of  the  molecular  mo- 
tion involved.  The  bands  observed  below  50  cm-1  in 
this  work  probably  result  from  intermolecular  vibra- 
tion. Table  IV  summarizes  present  and  previous  ob- 
servations. 

The  use  of  Raman  scattering  to  detect  liquid  and 


solid-phase  (ice  Ih)  HoO  in  the  atmosphere  has  merit 
under  circumstances  when  particle  densities  are  suf- 
ficiently large.  Conditions  that  prevail  during  snow 
and  hail  storms,  for  example,  should  supply  ample 
scatterers  to  provide  a  detectable  Raman  return. 
The  temperature-dependent  ratio  of  Stokes  to  anti- 
Stokes  Raman  scattering  in  ice  Ih  might  be  used  to 
measure  temperature  profiles  in  clouds. 

Although  the  measurements  of  the  strong  Raman 
bands  in  liquid  HjO  and  ice  Ih  were  made  over  the 
same  region  (2800-3700  cm-1),  the  two  maxima  of 
the  bands  are  at  different  frequencies.  The  liquid 
water  band  maximum  is  at  3255  cm"1.  The  maxi- 
mum of  the  ice  Ih  band  is  at  3142  cm-1.  Measuring 
the  relative  Raman  scattering  intensities  at  these  two 
peaks  would  provide  the  ratio  of  liquid  H20  content 
to  ice  content.  Performance  (SNR  vs  range)  may  be 
estimated  for  one  type  of  lidar  system  from  Fig.  1  of 
Derr  and  Little.4  Further  discussion  of  atmospheric 
applications  may  be  found  in  Derr  et  a/.20 
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We  apply  the  theory  of  plane-wave  scattering  by  spheres  to  calculate  the  variance,  the  space-time 
covanance,  and  the  temporal-frequency  spectrum  of  the  amplitude  fluctuations  of  a  light  wave  passing 
through  rainfall   The  development  includes  the  effects  of  various  sizes  of  raindrops  and  their  associated 
terminal  velocities.  We  show  that  the  time-lagged  covanance  function  of  two  vertically  spaced  sensors  can 
provide  a  practical  remote  measurement  of  path-averaged  rain  parameters,  such  as  drop-size  distribution 
and  rain  rate,  without  any  assumptions  about  the  form  of  the  drop-size  distribution. 

Index  Headings:  Scattering;  Scintillation;  Atmospheric  optics. 


Traditional  techniques  for  measuring  variables  of  pre- 
cipitation have  used  point  sensors,   such  as  rain  gauges. 
More  recently,   considerable  effort  has  been  devoted  to 
the  problem  of  the  effects  of  precipitation  on  optical  and 
infrared  wave  transmission  through  the  atmosphere.1-7 
These  techniques  suggest  that  path-averaged  rain  param- 
eters may  be  deduced  from  line-of-sight  attenuation  mea- 
surements.   This  has  introduced  a  new  type  of  space- 
averaged  optical  measurement  that  is  more  representa- 
tive for  mesoscale  meteorology  than  any  practical  col- 
lection of  rain  gauges  could  possibly  provide. 

Instead  of  measuring  attenuation,  we  propose  to  mea- 
sure the  rainfall-induced  irradiance  (or  amplitude)  scin- 
tillations of  a  laser  beam.    This  technique  seems  ex- 
tremely promising  as  a  potential  remote  sensor  of  path- 
averaged  rain  parameters,   such  as  rain-rate  and  drop- 
size  distribution.    This  study  is  undertaken  with  a  view 
toward  using  the  more  complicated  sources  and  sensor 
geometries  for  rainfall  measurements  that  have  had  such 
successful  application  in  laser  remote  sensing  of  re- 
fractive-turbulence and  wind-induced  scintillation. 

Because  this  paper  contains,   so  far  as  we  know,  the 
first  statistical  analysis  of  the  random  fluctuations  of  ir- 
radiance produced  by  scattering  of  light  from  rainfall, 
in  the  next  sections  we  will  outline  the  development  of 
the  theory.    First,  we  consider  various  statistical  prop- 
erties of  irradiance  scintillation,  such  as  variance, 
space-time  covariance,   and  temporal  power  spectrum  of 
the  amplitude  fluctuations  for  a  monodisperse  size  dis- 
tribution.   We  then  generalize  these  results  to  the  case 
of  a  realistic  raindrop  size  distribution  and  finally,  we 
analyze  the  feasibility  of  using  the  space-time  covari- 
ance function  to  monitor  path-averaged  rain  parameters. 

I.    THEORY 

Light  scattering  by  raindrops  may  be  conveniently 
analyzed  in  terms  of  the  theoretical  developments  by 
Van  de  Hulst. 8    Figure  1  illustrates  the  geometry  of  an 
incident  plane  wave  propagating  along  the  x  direction  that 
is  scattered  by  randomly  located  raindrops.    We  assume 
that  the  shape  of  the  raindrops  is  spherical  and  that  the 


wavelength  A.  of  the  incident  wave  is  much  smaller  than 
the  radius  a  of  the  raindrop.    This  problem  can  be  treat- 
ed in  the  same  manner  as  the  problem  of  light  scattering 
by  very  large  spheres,  a  »  A.    It  is  well  known8  that  the 
depolarization  effect  of  the  scattered  wave  can  be  ne- 
glected.   Letting  E0  and  Es  denote  the  electric  field  of 
the  initial  and  scattered  waves,   respectively,  Van  de 
Hulst8  gives 


exp(-  ikr  +  ikx) 
ikr 


b'T*°($\- 


where  r,  x,  and  6  are  coordinates  (as  shown  in  Fig.  1); 
n  =  ka  =  2vn/\  is  the  drop-size  parameter,  and  £  =  2tj(w  -  1), 
where  m  =  1. 33  is  the  refractive  index  of  water.    The 
first  term  arises  from  diffraction,  whereas  the  second 
term  arises  from  the  light  that  passes  through  the 
sphere.    Because  the  raindrops  are  large  compared  to 
the  wavelength  (i.  e. ,   r\ »  1),  the  first  term  is  the  domi- 
nant term;  only  it  will  be  kept.    This  is  equivalent  to  as- 
suming that  the  refractive  index  of  the  sphere  is  infinite, 
i.e.,  the  sphere  is  considered  to  be  opaque.    Because 
we  are  interested  in  only  the  far-field  solution,  where 
the  Fresnel-zone  size  (Xx)1'2  is  much  larger  than  the 
drop  size  a  and  the  longitudinal  coordinate  x  is  much 
larger  than  the  transverse  coordinate  p,   Eq.  (1)  can  be 
simplified  to 


£■ 

E0 


exp(-ikp2/2x)    Jx(t)0) 
ikx  V     6 


(2) 


In  deriving  Eq.   (2),   we  have  used  the  approximations, 
valid  for  x »  p,  that  \r  - x I  =*  pz/2x  in  the  phase  and  r-x 
in  the  denominator.    The  first  factor  on  the  right-hand 
side  describes  the  fringes  of  the  interference  pattern 
caused  by  the  interaction  of  the  incident  plane  wave  with 
the  scattered  spherical  wave  that  originates  from  the 
sphere.    The  second  factor  is  the  well-known  far-field 
Airy-disk  diffraction  pattern  of  a  sphere. 

We  use  Tatarskii's  approach9  for  a  wave  that  propa- 
gates in  a  random  medium  to  calculate  the  covariance 
and  temporal  power  spectrum  of  the  amplitude  scintilla- 
tions.   We  define  the  amplitude  scintillation  (normalized 
to  the  unscattered  field  E0)  as 
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FIG.  1.    Geometry  of  an  incident  plane  wave  scattered  by  ran- 
domly displaced  monodisperse  raindrops  of  radius  a. 


X  =  |  (E0  +  Es)/E0  |  -  1  =  {[1  +  Re(£s/£0)]2  +  Im2 (Es/E0)f'z  -  1  , 

(3) 
where  Re  and  Im  are,  respectively,  the  real-  and  imagi- 
nary-part operators.    In  the  weak-scattering  case, 
l£s/£0l  «1,   and,  to  first  order,   x  is  approximately 
equal  to  Re[Es/E0],    If  the  receiver  is  located  at  the  ori- 
gin of  coordinates,  then  the  amplitude  scintillation 
X(x,y,  z)  caused  by  a  raindrop  located  at  coordinates 
(x,  y,  z)  is 

X(x,  y,  z)  =  Re[Es(x,  y,  z)/E0(x,  y,  z)] 


=  -sirik(y2  +  zz)/2xWk) 

x</ih(y2+22)1/2A]/(y2+z2)1/2 


(4) 


Equation  (4)  will  be  used  to  calculate  the  covariance 
function  and  the  temporal  power  spectrum  of  the  ampli- 
tude scintillations. 


II.    AMPLITUDE  VARIANCE  AND  COVARIANCE  FUNCTION 

Because  we  do  not  wish  to  consider  multiple  scatter- 
ing, only  single  scattering  will  be  taken  into  account. 
This  is  a  reasonable  assumption  for  laser  propagation 
through  a  moderate  rainfall  on  paths  of  up  to  1  km  (see 
Appendix  A).    The  time-lagged  correlation  function  of 
the  amplitude  scintillation  of  a  single  raindrop  at  posi- 
tion x,  y  falling  along  the  z  axis  is  defined  by 


Cx(t)  =  (x(x,y,z-vt)x(x,y,z)) 


(5) 


Here,  the  angle  brackets  denote  an  ensemble  average, 
and  v  is  the  raindrop-fall  speed.    If  we  assume  that  the 
distance  between  raindrops  is  much  larger  than  a  Fres- 
nel  zone,  which  is  also  a  reasonable  assumption  for 
moderate  rainfall,  the  scattering  can  be  considered  in- 
coherent.    (From  Appendix  A,  we  see  that,  for  a  rain 
rate  of  10  mm/h,   the  mean  separation  of  the  drops 
d  =  21  cm.     For  a  1  km  path,   (Ax)1'2  =  2.  5  cm.    Clearly, 
in  this  typical  case  d»  (\x)ln. )    Hence,   each  succeeding 
drop,  falling  in  the  z  direction,  acts  as  an  independent 
member  of  an  ensemble.    Consequently,  we  may  replace 


the  ensemble  average  in  Eq.   (5)  by  an  average  over  the 
z  coordinate. 

We  now  generalize  Eq.   (5)  to  the  case  of  a  differential 
screen  of  monodisperse,   randomly  distributed  raindrops 
with  uniform  density  at  path  position  x.     (We  will  include 
the  effects  of  different  sizes  later. )    This  implies  that 
we  now  integrate  over  the  y  direction,  to  include  all 
drops  in  the  plane  x  =  const.    With  this  two-dimensional 
array  of  drops,   the  time-lagged  amplitude  covariance 
function  at  the  receiver  takes  the  form 

dCx(t)  =  (?N(x)dx  f    dy  j    dz  sin[k(yz  +z2)/2x] 


x  sin[*{v2  +  (z  -  vl)z}/2x]J^+\Z^ 


/*] 


(6) 


Here,  N(x)  is  the  number  density  of  raindrops.    To  find 
N(x),  we  let  h(x)  denote  the  rain  rate  at  x;  then,   the  total 
amount  of  water  falling  into  a  rain  gauge  with  uniform 
cross-section  area  A  in  a  time  period  At  is  h{x)AAt. 
Because  we  assume  a  monodisperse  size-distribution 
model,  the  total  number  of  water  drops  with  radius  a  is 
h(x)AAt/(i  ira3).    Also,  the  terminal  velocities  v  of  the 
raindrops  are  the  same.    In  a  time  At,  the  volume  swept 
out  by  falling  raindrops  is  vAAt.    Hence  the  number  den- 
sity is 


N(x) 


h(x) 


4.87rxl06a3t> 


(7) 


The  numerical  constant  that  appears  in  Eq.   (7)  is  caused 
by  the  differing  units  of  rainfall  rate  h{x)  (in  mm/h)  and 
the  terminal  velocity  of  raindrops  v  (in  m/s). 

It  is  well  known  that  the  terminal  velocity  of  raindrops 
is  a  function  of  their  size.    Gunn  and  Kinzer10  gave  the 
relationship  between  the  terminal  velocity  and  the  spher- 
ical drop  size  as 


vz(d)=\gd(pw-Pa)/U>aC)  , 


(8) 


where  g  is  the  acceleration  of  gravity,  d  is  the  diameter 
of  the  sphere,  and  pw  and  pa  denote  the  density  of  water 
and  air,   respectively.    The  disadvantage  of  Eq.   (8)  is 
that  the  drag  coefficient,   C,   is  also  a  function  of  drop 
size;  however,   raindrop  diameters  between  0.  5  and  5 
mm  give  the  main  contribution  to  the  total  precipitation. 
In  this  region,   C  is  almost  constant10  and  approximately 
equal  to  0.  5.    In  SI  units,    Eq.   (8)  is 

:200a1/2  . 


(9) 


t;(a)=45.4(2£a)1/2: 

(In  deriving  Eq.   (9),  we  have  used  pw  =  1  g/cm3  and 
pa  =1.293xl<r3  g/cm3. )   Substituting  Eq.   (9)  into  Eq. 
(7),  we  obtain  the  number  density, 

N(*)=3.32xlO-10a-7/2/!(x)  .  (10) 

Note,  in  Eqs.   (9)  and  (10),  that  li(x)  is  in  mm/h,  a  is  in 
meters,  and  r  is  in  m/s. 

Letting  y'  =  yy/x  and  z'  =  r\z/x  and  replacing  the  product 
of  two  sine  functions  by  the  difference  of  two  cosine  func- 
tions and  integrating  Eq.   (6)  with  respect  to  x,  we  ob- 
tain the  spatial  amplitude  covariance, 
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Cx(z„(t))  =  /  LdCx(zn)  =  iai  I     Nto)[ltb,zj+It{?,tj]dx 


where 


(id 


^(.y,  z„(f))  =  -  J    rfv'  J    rfz'cos[a<(/2+z'2-z'z„+z2/2)] 

/1[(v^/in4v,i^'-^)ri    ,« 

"      (/2+z'2)1/2         {v'2  +  (z'-z„)2}l/!!      '      U 


I,(x,z„(t))=f    dy'  J     <fc'cos|>(z'zn-z2/2)] 


•/,[(  v'2  t£T3  Jjtv'^fc'-QT8]         ,13) 
oTT73 —  ,       U-J; 


(y«  +*«)!/«  {/^(z'-Z,,)2}*' 

a  =  fc*/V  =  Ax/(2iraa)  ,     zn={r]v/x)t, 
and  L  is  the  total  path  length. 


(14) 


The  variance  of  the  amplitude  scintillation  is  defined 
by  Cx(0),   which  from  Eq.   (11)  is 

a2=a2  fLN(x)dx  C  dy'  f"dz'sin2[ia(>.'2+z'2)] 

xJ2[(v'2+z'2)l/2]/(>-'2+z'2) 

=  rt2  f    rfx.V(.v)F5(a)  .  (15) 

If  we  are  interested  in  the  far-field  solution,   i.e. , 
a»  1,   F%  can  be  integrated  over  y'  and  z'  by  use  of  a 
stationary-phase  technique  (see  Appendix  B);   then  the 
variance  of  the  amplitude  fluctuations  becomes  [from  Eq. 
(B18)] 


ol^Wf    X{x)dx 


(16) 


To  compare  the  amplitude  variance  induced  by  rain  scat- 
tering with  that  caused  by  refractive  turbulence,   we  as- 
sume that  the  rainfall  rate  is  constant  along  a  1  km  path 
with  a  value  of  10  mm/h,   and  that  the  drop  radius  is  1 
mm.     From  Eqs.   (10)  and  (16),   we  have  o\  -0.16,   which 
is  comparable  to  the  variance  caused  by  moderate  tur- 
bulence. 9 


III     TEMPORAL  POWER  SPECTRUM 

The  temporal  power  spectrum  of  the  amplitude  scin- 
tillation is  defined  as  the  Fourier  transform  of  the  tem- 
poral covariance  function  of  the  amplitude  scintillation,9 
i.  e. , 


wx(/)  =  2j     exp(-iut)Cx(vt)dt 


Here  v  is  the  transverse  raindrop  velocity  and  t  is  the 
time  lag  between  observations.     (A  more  detailed  anal- 
ysis and  careful  examination  of  the  assumptions  involved 
in  this  substitution  may  be  found  in  Ref.   12.  )    If  we  as- 
sume that  the  wind  velocity  is  small  compared  to  the 
terminal  velocity  of  raindrops,   then  v  can  be  expressed 
by  the  relationship  shown  in  Eq.   (9).     Inserting  Eq.   (11) 
into  the  above  equation,   we  have 

^x(/)=n2  f    dt exp(- iut)  \    rf.rAT(.vH/1(.v)zr,(/))+/g(y,znW)] 


--az  f    dxN(x)(F1+Fz) 


(17) 


It  is  extremely  difficult  to  evaluate  the  multiple  integrals 
in  Fl  and  Fz,   either  analytically  or  numerically,   without 
introducing  further  assumptions;   however,   we  are  inter- 
ested in  only  the  far-field  solution,   i.e.,   we  assume  that 
the  Fresnel-zone  size  (A.v)1/2  is  much  larger  than  the 
drop  size  a.     From  Eq.   (14),   we  have  a»  1.     This  is  a 
reasonable  assumption.     For  a  typical  rainfall,   the  mean 
drop  radius  is  in  the  order  of  1  mm.    If  we  assume  that 
the  path  length  is  1  km  and  that  the  wave  number  is 
107  m"1,   then  a  =  100.    Hence  the  trigonometric  functions 
involved  in  Eqs.   (12)  and  (13)  oscillate  rapidly  compared 
with  the  Bessel  functions.    In  this  case,   the  integral  can 
be  evaluated  by  the  method  of  stationary  phase  (see  Ap- 
pendix B).    Inserting  Eqs.   (B5),    (B7),    (9),   and  (10)  into 
Eq.   (17),   we  obtain  the  temporal  power  spectrum  of  the 
amplitude  scintillation 

wx(n)  =  3„32Trxl0"12a-1S2-2  J      dxh(x) 

x  [#j  (20)  +  n j\(9,)(Tj/kx)vz  sin({  77  -  kxtf/j)2)}  , 

(18) 
where  Q  =f//o  is  the  normalized  frequency;  f0=v/{2ua), 
and  h\(Sl)  is  the  Struve  function  of  the  first  order.    If  we 
assume  that  there  is  only  a  sheet  of  rainfall  between 
transmitter  and  receiver,   i.e.,   h(x)  =h6(x  -  x0); 
0<xo<L,   then  the  temporal  power  spectrum  is 

uox(xa,  0)  =  3.  32?rx  lO-'V1^-2 

y  h{Hx (2fl)  +  iUl{a)(n/kx0)U2  sinC  n  -  kx<p,z/r\z)\. 

(19) 
The  numerical  results  of  Eq.   (19)  are  plotted  in  Fig.  2 
versus  the  normalized  frequency  fl  for  .v0  =  103  m, 
a=  10'3  m,  and  k=  107  m"1.    The  oscillation  of  the  temporal 
power  spectrum  is  caused  by  motion  of  the  fringes  that 
are  produced  by  the  interference  of  the  incident  plane 


FIG.  2.    Temporal  power  spectrum  of  the  amplitude  scintilla- 
tions induced  by  a  sheet  of  rainfall  with  a  rain  rate  k  (mm/h) 
located  x0  =  1  km  from  the  receivers.    The  wave  number  of  the 
incident  plane  wave  is  k  =  10'  nr '.    A  monodisperse  size  dis- 
tribution (a=l  mm)  of  raindrops  is  assumed.     The  horizontal 
axis  is  the  normalized  frequency  S2=///0;  /0=  v/(2irn)  and  v  is  the 
terminal  velocity  of  raindrops  of  radius  a. 
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wave  and  the  scattered  spherical  wave  from  each  rain- 
drop (see  Sec.  I).     Part  of  the  oscillation  is  smeared  out 
by  the  effects  of  off-axis  drops;   however,   the  smearing 
is  not  complete.     The  bumps  of  the  envelope  of  the  tem- 
poral power  spectrum  in  the  high-frequency  region  are 
caused  by  the  side  lobes  of  the  diffraction  pattern  of  the 
raindrop.   (Also  see  Sec.   I.  ) 

Because  we  have  assumed  that  kx/r\z»  1  in  Eq.   (18), 
the  second  term  in  the  square  brackets  gives  a  signifi- 
cant contribution  only  for  small  Q.    In  this  case,   the 
second  term  is  small  compared  to  the  first  term,   and 
Eq.   (18)  can  be  further  simplified  10 


wx(f2)  =  3.327TX  10-12a-1n-zH1(2n)Lli  , 


(20) 


where  /;  denotes  the  path-averaged  rainfall  rate  in  mm/h, 
defined  by  /;  =  (1/L)  Jq  h(x)dx.  The  magnitude  of  the  tem- 
poral power  spectrum  of  the  log-amplitude  scintillations 
is  proportional  to  the  path-averaged  rainfall  rate  with  a 
uniform  path-weighting  function.  If  the  temporal  power 
spectrum  is  normalized  to  the  amplitude  variance  given 
by  Eq.   (16),  we  have 


(77/2)/0wx(n)/ff2x=//1(2fi)/f22 


(21) 


The  result  of  Eq.   (21)  is  plotted  in  Fig.  3,     Because  we 
assumed  that  the  scattering  is  incoherent,   the  final  spec- 
trum is  the  ensemble  average  of  the  spectra  of  the  indi- 
vidual drops.     Because  we  used  a  monodisperse  size  dis- 
tribution of  raindrops,   we  can  see  the  bumps  at  the  high- 
frequency  region  caused  by  the  side  lobes  of  the  diffrac- 
tion pattern  of  a  sphere.     The  spectrum  is  relatively  flat 
forfi<l  (or/</0  =  r/2ra).     Note  that,   if  the  drop  radius 
(7  =  1  mm,   then  f0  -  1  kHz.    Comparing  this  frequency  to 
the  temporal  power  spectrum  caused  by  convective  and 
wind-induced  scintillations  (see  Tatarskii9),   we  see  that 
the  rain-induced  power  spectrum  is  much  broader  and 
the  magnitude  is  less. 

IV     EFFECT  OF  MULTIS1ZE  RAINDROPS 

In  the  foregoing  derivation,   we  have  assumed  a  mono- 
disperse size  distribution  of  raindrops.     Because  it  is 
unrealistic  to  assume  that  all  raindrops  are  the  same 
size,   in  this  section  we  generalize  our  theory  to  include 
effects  of  different-size  raindrops. 

The  rainfall  rate  defined  in  Eq.    (7)  is  based  on  the  as- 
sumption that  all  raindrops  have  the  same  size.     For  dif- 
ferent-size raindrops,   the  differential  rainfall  rate  can 
be  expressed  as  dh(a,  x)  ~li(x)p{a,  x)da,   where  li(x)  is  the 
total  rainfall  rate  at  path  position  x,   and  p(a,  x)  is  the 
probability-density  function  of  raindrop  size  at  that  posi- 
tion.    Hence  the  averaged  quantities  of  interest,   such  as 
the  variance,   covariance  function,   and  power  spectrum, 
can  be  obtained  by  simply  changing  li(x)  to  dli(a.  x)  and 
integrating  over  a,   i.e., 


dap{a,  x)F(a) 


(22) 


Here  F(u)  denotes  the  quantity  ol  interest  derived  from  a 
monodisperse  size  distribution,   the  quantity  F  is  the 
averaged  quantity  over  the  probability-density  function 
p(a,  x).    Inserting  Eqs.   (16)  and  (10)  into  Eq.   (22),   we 
obtain  the  averaged  amplitude  variance 


a2x  =  5.22^10-10  f    dxkWJ    daa-2,2p(a) 


(23) 


Similarly,   the  averaged  temporal  power  spectrum  of  the 
amplitude  fluctuations  is,    from  Eq.   (20), 

u>x(/)  =  1.06-  10-8r2  {     dxh(x)\     dal>(a,x)a-zHl(a1f-fa)  , 

-  o  (24) 

where  n1  =  ff/50  and/  is  the  frequency  in  Hz.    In  deriving 
Eq.   (24),   we  have  used  the  relationship  between  the 
terminal  velocity  and  raindrop  radius,   as  shown  in  Eq. 
(9).     Inserting  the  correct  density  function  p(a,  x)  in  Eqs. 
(23)  and  (24),   we  obtain  the  variance  and  the  temporal 
power  spectrum  of  the  amplitude  scintillations,   includ- 
ing the  effect  of  different  sizes  of  raindrops,     The  prob- 
ability-density function  of  raindrop  size  relates  to  the 
number-density  function  of  raindrop  size  N(a,  x)  by  the 
formula 


p(a,x) 


N(a,  x)|  na3 
~loN(a,x)$ua3da  ' 


(25) 


A  well-accepted  raindrop  number  density  was  given  by 
Marshall  and  Palmer,  n  i.  e. , 


N(a,x)=N0e-ZMx)a  , 


(26) 


where  NQ  is  the  value  of  P(a)  for  a  =0  and  A(x)  is  a  func- 
tion of  rainfall  rate  h(x)„     They  found  that 


N0  =  8  x  106  m"4  , 
for  any  intensity  of  rainfall,   and  that 
ACr)=4100/;(%)-°°21  m"1  , 


(26a) 


(26b) 


where  h(x)  is  in  mm/h.     Inserting  Eq.   (26)  into  Eq.   (25), 
we  obtain  the  probability-density  function  of  raindrop 
size, 

p(a,x)=l-§Ai(x)a3e-ZAM°  .  (27) 

Substituting  Eq.   (27)  into  Eqs.   (23)  and  (24),   we  have 

a2=8.57xl0-5  J     dxh(x)°-m  (28a) 


n 

riG.    ;.    Temporal  power  spectrum  oT  the   rain-induced  ampli- 
tude scintillations-  ol  a  monodisperse  (o     I  mm)  rainfall  nor- 
malized to  tho'variance  ol  the  amplitude  scintillations  vs  the 
normalized  lrcquency  it. 
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FIG.  4.    Temporal  power  spectra  of  the  rain-induced  amplitude 
scintillations  of  a  Marshall— Palmer  size  distribution  of  rain- 
drops,  normalized  to  the  variance  of  the  amplitude  scintilla- 
tions.   The  horizontal  axis  is  the  frequency  in  Hz. 


and 


(28b) 


where  6  =  8200n/((v)'0-21  and  a,  =6.94  ■  10-4/z(.y)0-105.     The 
overbars  here  denote  the  quantities  averaged  over  all 
sizes.     The  dependence  of  u\  and  <^x(/)  on  the  rainfall 
rate  indicates  that  the  contributions  from  the  path  posi- 
tions with  heavier  rainfall  rates  are  suppressed.     This 
is  intuitively  plausible  because,   for  the  same  amount  of 
precipitation,   the  heavier  rainfall  rate  contains  more 
large  raindrops,   hence  less  scintillation.     From  Eqs. 
(28a)  and  (28b),   the  normalized  temporal  power  spec- 
trum is 


,(/)  =  1390  /0LrfA/;Cv)0-58/o'rf5  5f-6//1(a2/vr5) 

72  f2  JfdxhW^ 


(29) 


The  disadvantage  of  Eq.   (29)  is  that  it  is  a  nonlinear 
function  of  the  rainfall  rate  at  different  path  positions. 
In  order  to  simplify  the  problem,   we  first  assume  that 
the  rainfall  rates  are  uniform  along  the  path,   i.e., 
h{x)=h.    The  result  of  Eq.   (29)  is  plotted  in  Fig.  4  for 
the  rainfall  rate  h  varying  from  0. 1  to  100  mm/h.    It  is 
clear  that  the  bumps  in  the  high-frequency  region  of  the 
monodisperse  size-distribution  model  are  smeared  out 
because  of  the  effects  of  different  sizes.    Because  a 
smaller  rainfall  rate  has  smaller  drops,   the  temporal 
power  spectrum  has  more  high-frequency  content.     This 
is  true  because  the  terminal  velocity  is  proportional  to 
the  square  root  of  the  drop  size  [Eq.   (9)],  and  the  cutoff 
frequency  is  on  the  order  of  the  ratio  of  the  velocity  to 
the  radius  of  the  raindrops,   i.e.,  a'0ln,   where  a0  is  the 
mean  drop  size  and  is  proportional  to  Ti°'zl  for  a  Mar- 
shall-Palmer distribution.     The  magnitude  of  the  low- 
frequency  components  is  proportional  to  a\iz,   so  that  the 
area  under  the  curve  is  unity.     To  illustrate  the  true 
frequency  distribution  of  energy,   we  plot  the  normalized 
temporal  power  spectrum  f^x(j)  fo\  in  Fig.   5.     It  is  ob- 
vious that  for  a  smaller  mean  size  an,   or  a  smaller  rain- 


fall rate,  the  peak  power  is  at  a  higher  frequency.    Again, 
the  frequency  of  the  peak  power  is  proportional  to  all/z, 
or  /7-°'105.. 

Note  that  the  variance  and  temporal  power  spectrum 
of  the  amplitude  scintillations  are  not  dependent  on  the 
wave  number  k  as  long  as  the  wavelength  is  small  com- 
pared to  the  sizes  of  raindrops.    Also,   all  of  the  fore- 
going results  are  based  on  the  far-field  assumption,  i.e., 
x»  4<z2/A.    If  we  assume  that  the  radius  of  the  raindrops 
is  0.  5  mm  and  \  =0.  63  (im,   then  we  have  \az/\  =  1.6  m. 
All  of  the  drops,   except  those  very  close  to  the  detector, 
will  be  sufficiently  far  away  to  satisfy  the  far-field  con- 
dition. 

The  results  plotted  in  Figs.  4  and  5  are  based  on  the 
assumption  that  the  rainfall  rate  is  uniform  along  the 
path.    Of  course,  this  is  not  true  for  a  practical  case. 
However,   from  Figs.  4  and  5,  we  found  that  the  tempo- 
ral power  spectra  are  not  very  sensitive  to  the  rainfall 
rate.    It  seems  reasonable  to  replace  the  path -dependent 
rainfall  rate  h(x)  by  the  path-averaged  rainfall  rate  h  in 
Eq.   (29);  we  can  show  that  the  changes  of  the  temporal 
power  spectrum  due  to  this  substitution  will  be  small. 
When  we  measure  the  amplitude  scintillations  induced  by 
raindrops,   we  also  measure  the  turbulence-induced 
scintillations.     It  is  reasonable  to  assume  that  the  scin- 
tillations induced  by  raindrops  and  by  turbulence  are 
uncorrelated.    In  this  case,   the  total  temporal  power 
spectrum  is  the  sum  of  the  temporal  power  spectra  of 
those  two.    The  temporal  power  spectrum  of  amplitude 
scintillations  induced  by  wind  and  convective  turbulence 
was  given  by  Tatarskii.9    If  we  assume  that  the  trans- 
verse wind  speed  va  =  2  m/s,   that  the  refractive  turbu- 
lence-induced amplitude  variance  is  0^=0.  25,   that  the 
path  length  L  -  500  m  and  that  the  wavelength  a  =0.628  /am, 
then  the  temporal  power   spectrum  of  turbulence-in- 
duced scintillations  takes  the  form  shown  at  the  left- 
hand  side  of  Fig.  6.    If  we  also  assume  that  the  path- 
averaged  rainfall  rate  Ti  =  1  mm/h  and  the  raindrop  num- 
ber density  follows  a  Marshall-Palmer  law,   the  resul- 
tant temporal  power  spectrum  of  rain-induced  scintilla- 
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FIG.  5.    Frequency  distribution  of  energy  of  the  temporal 
power  spectra  shown  in  Fig.  4. 
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FIG.  6.     The  combination  of  the  rain-induced  and  turbulence- 
induced  temporal  power  spectra  vs  frequency  in  Hz.    Here 
Z.=500  m,   va  =  2  m/s,  X  =  0.628  Mm,  0^=0.25,  h  =  l  mm/h. 


tion  is  shown  at  the  bottom  of  Fig.  6.    The  combination 
of  the  temporal  power  spectrum  induced  by  rain  and  tur- 
bulence is  denoted  by  the  dashed-line  curve  in  Fig.  6. 
A  preliminary  experimental  result  of  the  measured  tem- 
poral power  spectrum  of  amplitude  scintillations  during 
a  rainfall  along  a  500  m  path  is  shown  in  Fig.  7.    Al- 
though we  do  not  know  the  corresponding  parameters, 
such  as  the  path-averaged  wind  speed,   the  variance  of 
the  amplitude  scintillations  produced  by  refractive  tur- 
bulence, the  rainfall  rate  and  its  associated  size  dis- 
tribution, the  result  agrees  qualitatively  with  the  theo- 
retical prediction.     For  different  parameters,  we  expect 
that  the  shape  of  the  temporal  power  spectrum  of  the 
amplitude  scintillations  will  remain  the  same. 

V.    APPLICATIONS  TO  REMOTE  SENSING 

In  the  previous  section,  we  have  shown  that  the  mea- 
sured rain-induced  temporal  power  spectrum  is  in  good 
agreement  with  the  theoretical  prediction.    Now  the 
problem  becomes:    can  we  get  any  information  about  the 
path-averaged  rainfall  rate  and  the  mean  drop  size  from 
the  measured  temporal  power  spectrum  ?    The  mean  size 
can  be  obtained  from  either  the  cutoff  frequency  or  the 
peak  power  frequency  of  the  temporal  power  spectrum 
(see  Figs.  4  and  5).    These  measurements,   however, 
are  sensitive  to  experimental  errors.    If  we  take  the 
second  derivative  of  Eq.   (24)  with  respect  to  f  and  set 
/  =  0,  we  have 


d2Q>x<J) 


I  -/' 

lf=0      Jo 


dp 
In  deriving  Eq.   (30) 


d2  r/Ma^flni 
dp[        P         JI/.0 


dxh(x)  f   dap(a,x)=hL  .  (30) 

we  have  used  the  relationship  that 

(31) 


At  first  glance,    Eq.   (30)  seems  well  behaved.    When  we 
take  the  second  derivative  of  the  temporal  power  spec- 
trum of  rain-induced  scintillation  at  zero  frequency,   we 
get  the  path-averaged  rainfall  rate  h  directly,   in  spite  of 
the  size  distribution,   but  this  information  is  contami- 
nated by  the  contributions  from  turbulence-induced  scin- 
tillation (see  Figs.  6  and  7).    Of  course,   some  other 
techniques  may  be  useful  in  the  high-frequency  region, 
where  the  contribution  of  refractive  turbulence  is  neg- 
ligible,  to  deduce  the  path-averaged  rainfall  rate  from 
the  spectrum.     However,   we  have  to  know  the  correct 
size  distribution  of  raindrops.     Because  there  is  a  mono- 
tonic  relationship  between  the  drop  size  and  its  associ- 
ated terminal  velocity  [see  Eq.   (9)],   we  can  measure  the 
terminal-velocity  distribution  instead  of  the  size  dis- 
tribution. 

To  avoid  the  turbulence-induced  errors  in  the  mea- 
surement of  path-averaged  rain  parameters,   we  analyze 
the  space-time  covariance  of  two  vertically  spaced  sen- 
sors.    Because  the  rain  has  a  predominately  vertical 
velocity  and  turbulence  is  advected  primarily  horizontal- 
ly,  the  covariance  of  vertically  spaced  sensors  is  insen- 
sitive to  turbulence  effects  in  the  frequency  band  of  in- 
terest.    For  a  given  vertical  separation,   the  scintillation 
due  to  turbulence  will  correlate  only  for  long  time  lags 
compared  with  the  rain,   which  will  correlate  at  the  much 
shorter  time  lags  determined  by  the  raindrop  fall  speeds. 
Another  factor  that  limits  the  effects  of  turbulence  is 
that  refractive-index  fluctuations  for  visible  light  are 
produced  largely  by  temperature  inhomogeneities  in  the 
atmosphere.    These  inhomogeneities  occur  as  a  result 
of  the  vertical  temperature  gradient  that  is  maintained 
by  solar  heating  of  the  ground.     As  cloud  cover  increases 
with  the  onset  of  rain,   the  temperature  gradient  is  rapid- 
ly eliminated,  which  produces  a  concomitant  reduction 
of  the  refractive-index  fluctuations.     For  both  of  those 
reasons,  the  effects  of  refractive  turbulence  on  our  rain- 
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FIG.  7.    Experimentally  measured  temporal  power  spectrum 
of  amplitude  scintillation  during  a  rainfall  along  a  500  m  path. 
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sensing  technique  will  be  minimized. 

For  an  incident  plane  wave,   the  time-lagged  amplitude 
covariance  function  of  two  detectors  with  a  vertical  sep- 
aration z0  and  time  lag  t  can  be  obtained  by  simply  re- 
placing za  by  zQ  -  vt  in  Eqs.   (1 1)  — (14).     If  we  assume 
that  the  raindrop  size  distribution  at  path  position  x  is 
p(a,  x),   where  a  is  the  radius  of  the  raindrops,   then  the 
average  amplitude  covariance  for  different  sizes  of  rain- 
drops can  be  defined  as 

■ CL       C 

Cx(z0,/)=        dx  I    daiazp(a,x)N(a,x)[ll(x,z0-,t) 
Jo         -o 

+lJx,z0-Vt)]=  f  dx(F3+Fi)  ,  (32) 

where  the  Fz  and  Fi  are  calculated  in  parts  (c)  and  (d)  of 
Appendix  B.    Inserting  Eqs.   (B12)  and  (B16)  into  Eq. 
(32),   we  obtain  the  average  time-lagged  amplitude  co- 
variance  function, 

Cx(zQ,t)  =8.85xicr12r1  f   dxh(x)p(o',x) 

>  [1  +  9.  24  x  lQ*$/x)xlh%/t 2]  ,  (33) 

where  h(x)  is  the  rainfall  rate  in  mm'h  at  path  position 
x,  k,  L;  z0  and  /  are  in  SI  units;  and  a'  is  the  detected 
size  of  raindrops,   defined  by 


a'=z2/(4xl0V) 


(34) 


Equation  (33)  shows  that,   for  an  incident  plane  wave 
passing  through  a  rainfall  and  illuminating  two  detectors 
with  a  vertical  separation  z0,   the  number  of  raindrops 
with  terminal  velocity  v  =za/t  is  proportional  to  the  time- 
lagged  cross-correlation  function  of  the  amplitude  scin- 
tillations of  the  two  detectors  with  time  lag  t.     By  vary- 
ing the  time  lag  /  or  the  vertical  separation  z0,   we  can 
obtain  the  terminal  velocity  distribution  of  the  raindrops. 
Because  there  is  a  monotonic  relationship  between  the 
raindrop  size  and  its  associated  terminal  velocity,   the 
path-average  size  distribution  of  a  rainfall  can  be  ob- 
tained. 

If  we  assume  that  L  =  1  km,   k  =  107  m"1  and  the  mean 
terminal  velocity  of  raindrops  is  on  the  order  of  5  m/s, 
then  the  second  term  in  the  square  brackets  is  small 
compared  to  the  first  term.     Hence  Eq.   (33)  can  be  fur- 
ther simplified  to 

Cx(z0,  /)  =  8.85xl0-12r1  f    dxh(x)p(a',x)~p(a')/t  ,         (35) 

where  p(a')  is  the  path-averaged  probability -density  func- 
tion of  raindrop  size. 

In  order  to  obtain  Eq.   (33)  by  the  method  of  stationary 
phase,   we  have  introduced  two  restrictions  on  the  solu- 
tion Eq.   (35),   i.e.,   t»  0.01(L/k)Ui  and  ojv    •  (2L/k)mz0 
[See  part  (c)  of  Appendix  B  for  details.  ]    The  physical  in- 
terpretation of  the  former  is  that  the  vertical  separation 
z0  should  be  large  enough  to  differentiate  the  different 
terminal  velocities  v  and  ultimately  the  raindrop  sizes. 
The  latter  restriction  implies  that  the  raindrop  size  dis- 
tribution cannot  be  monodisperso.    II  we  assume  that  the 
largest  size  of  raindrops  of  iiuerest  is  a  -2.  5  mm  (the 
associated  terminal  velocity  is  about  10  m/s),    /.  =  1  km, 


and  k  =107  m"1,   the  restriction  on  /  implies  that  z0»  1 
cm.     Further,   for  a  Marshall-Palmer  distribution, 
cr,/!' =0.25  and  the  second  restriction  implies  z0»5.7 
cm.     It  is  obvious  that  neither  of  these  is  a  strong  re- 
striction. 

From  Eq.   (35),   the  path-weighting  function  of  the 
time-lagged  amplitude  covariance  function  is  a  constant. 
Hence  Eq.   (35)  gives  a  uniform  path-weighted  average 
when  we  use  it  to  measure  the  average  size  distribution. 
The  path-averaged  rainfall  rate  is  obtained  by  the  inte- 
gration over  all  sizes.     If  we  multiply  Eq.   (35)  by  /  and 
integrate  over  a',   we  obtain 

f    da'  tCx(z0,t)  =8.85xl0-12  \     da'  f  dxh(x)p(a' ,  x) 

=  8.85xl0"12/lZ,  .  (36) 

From  Eq.   (34),  we  have  (for  a  fixed  z0) 

da'  =  -5xl0-52^/-3rf/  .  (37) 

Inserting  Eq.   (37)  into  Eq.   (36)  gives 

£  =  5. 65x10^  /    dtCx(z0,t)fz/L  ,     for  fixed  z0  .         (38) 


Instead  of  fixing  the  separation  z0,   we  can  also  fix  the 
time  lag  /  and  vary  the  separation  z0;   then  we  have 

da'  =5xlO-5z0t~zdz0  . 

Hence  Eq.   (36)  becomes 


(39) 


/i  =  5.65xl06r1  f   dz0zQCx(zQ,t)/L  ,     for  fixed  /  . 

-'n 


(40) 


Equations  (38)  and  (40)  show  that  the  path-averaged  rain- 
fall rate  can  be  obtained  either  as  the  integration  over 
time  lag  t  of  time-lagged  covariance  function  divided  by 
tz  (for  fixed  spatial  separation  20)  or  the  integration  over 
the  spatial  separation  z0  of  spatial  covariance  function 
multiplied  by  z0  (for  fixed  time  lag  /).    Again,   from  Eq. 


t(m  sec) 

FIG.  b.    The  normalized  covariance  functions  of  amplitude 
fluctuations  Cx(z 0,  i)/<7jj  for  two  detectors  with  a  vertical  separa- 
tion z,,-- 10  cm  vs  the  time  lag  (. 
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FIG.  9.     The  normalized  covariance  functions  of  amplitude 
fluctuations  C  x(s0,  ?)/crj  for  a  fixed  time  lag  /  =  31.6  ms  vs  the 
vertical  separation  z0. 


FIG.  11.    The  quantity  C^z^,  t)z0/h  for  a  fixed  time  lag 
f  =  31.6  ms  vs  the  vertical  separation  zu. 


(36),  a  uniform  path-weighting  function  is  obtained  when 
we  measure  the  path-averaged  rainfall  rate  by  Eqs.  (38) 
and  (40). 

There  are  several  advantages  of  this  space-time  co- 
variance  measurement  to  zet  the  path -averaged  rain  pa- 
rameters.    First,   the  measured  quantities  are  not  func- 
tions of  the  fluctuations  of  the  rainfall  rate  h(x)  and  the 
probability-density  function  of  raindrop  size  p(a,x)  along 
the  path.     They  are  dependent  on  only  their  path-aver- 
aged values.     Second,   the  measuren  eras  are  not  contam- 
inated by  the  contributions  from  the  nor\zontal-wind-in- 
.iuced  scintillations,   though  vertical  vine;  may  still  cause 
difficulties.     If  we  arrange  the  optimi  path  close  to  the 
ground,   however,   the  contribation  from  the  vertical  wind 
will  be  negligible.     Third,   the  measurement  of  path-av- 
eraged rainfall  rate  is  independent  jf  the  probability- 
density  function  of  raindrop  size.     This  may  be  critical 
if  we  have  to  assume  a  raindrop  size  distribution  (e.g., 
Marshall-Palmer  distribution)  in  order  <o  calculate  the 
path-averaged  rainfall  rate.     Fourth,   the  actual  path- 
averaged  probability -density  function  or  the  number-den- 
sity function  of  raindrop  size  can  be  measured. 


t  (m  sec) 

FIG.  10  .    The  quantity  Cx(20,  t)/(t   h)  for  a  fixed  vertical  sepa- 
ration 20  =  10  cm  vs  the  time  lag  (. 


In  order  to  demonstrate  how  we  can  obtain  the  path- 
averaged  rain  parameters,  we  assume  that  the  raindrop 
size  distribution  follows  the  Marshall-Palmer  distribu- 
tion.    This  is  only  an  example.    Of  course,    the  mea- 
sured covariance  will  depend  on  the  actual  size  distribu- 
tion.    Because  the  measurements  are  dependent  on  only 
the  path-averaged  values,   we  have  only  to  give  the  path- 
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FIG.  12.    The  quantity  CY(z0,  t)t7  for  fixed  z0  =  10  cm  vs  l/t2 
and  the  quantity  Cx(z0,  t)zf  for  fixed  (=31.6  ms  vs  z\.    The  cor- 
responding raindrop  diameter  is  also  shown  on  the  horizontal 
axis. 
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averaged  rainfall  rate  h  instead  of  the  path-dependent 
rainfall  rate  h(x).    The  quantity  ft  was  varied  from  0.1 
to  100  mm/h  to  calculate  the  curve?  in  Figs.  8-12.    The 
normalized  space-time  covariance  functions  are  shown 
in  Fig.  8  (for  a  fixed  separation  z0  =  10  cm)  and  in  Fig. 
9  (for  a  fixed  time  lag  /  =31.6  ms).     Because  there  are 
larger  raindrops  in  the  heavier  rainfall  rate,   the  peak  of 
the  covariance  function  has  a  shorter  time  lag  (for  fixed 
z0)  or  a  larger  spatial  separation  (for  fixed  /)  for  the 
heavier  rainfall  rate.     The  shapes  of  the  curves  are  de- 
pendent on  the  path-averaged  raindrop  size  distribution. 
For  different  size  distributions,   we  expect  that  the  co- 
variance  function  will  be  different.     The  quantities 
Cx(z0,t)/(tzTi)  (for  fixed  z0)  and  Cx(z0,  l)z0/h  (for  fixed  /) 
are  plotted  in  Figs.   10  and  11,    respectively.    Again  the 
shapes  of  the  curves  are  dependent  on  the  raindrop  size 
distribution.     The  areas  under  the  curves,   however,   are 
a  constant  because,   from  Eqs.   (38)  and  (40),   the  areas 
under  the  curves  of  Cx(z0,  t)/tz  and  C\(z0,  l)z0  are  pro- 
portional to  the  path-averaged  rainfall  rate  and  are  in- 
dependent of  the  raindrop  size  distribution. 

Inserting  Eq.   (25)  into  Eq.   (35),   we  obtain  the  path- 
averaged  number-density  function  of  raindrop  size,   from 
the  space-time  covariance  function,   i.e., 

=  220/(4xl0V2)  . 


Mfir)~zft1Cx<fi0,  t);     fl'=220/(4xl04,2)  .  (41) 

Hence,   the  path-averaged  raindrop  number  density  is 
proportional  to  Cx(z0,  /)/7  for  fixed  z0  and  to  Cx{z0,  l)z^ 
for  fixed  /.    Again,   for  a  Marshall-Palmer  distribution, 
the  results  of  Cx{z0,  t)t 7  (for  fixed  z0  =  10  cm)  vs  l//2,  and 
the  results  Cx(z0,  l)z^  (for  fixed  /  =  31.6  ms)  vs  z\  are 
plotted  in  Fig.   12.     The  corresponding  raindrop  diameter 
is  also  shown  on  the  horizontal  axis.     The  results  agree 
with  the  assumed  raindrop  size  distribution.     In  plotting 
Fig.   12,  we  assumed  that  A^SxlO3  m"3  (mm)"1  because 
we  have  no  information  about  N0  when  we  use  Eq.  (25) 
as  the  raindrop  size  distribution. 

VI     CONCLUSIONS 

We  have  applied  the  theory  of  plane-wave  scattering 
by  spheres  to  evaluate  the  variance,   space-time  covari- 
ance,  and  the  temporal-frequency  spectrum  of  the  ampli- 
tude fluctuations  produced  by  the  interaction  of  an  optical 
beam  with  rainfall.     Further,   we  have  shown  that  the 
time-lagged  covariance  function  of  two  vertically  spaced 
sensors  can  provide  a  practical  remote  measurement  of 
path-averaged  drop- size  distribution  and  rain  rate  with- 
out making  any  assumption  about  the  form  of  the  drop- 
size  distribution. 
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\HPENDI\   \     KWc.l   ()\   VALIDITY   OK  THE 
SINGLE-SI  ATTEUING   \SSl'MPTIO\ 

We  estimate  the  range  of  validity  of  the  single-scatter- 
ing approximation  by  assuming  that  the  onset  of  impor- 
tant multiple-scattering  effects  occurs  when  the  entire 
laser-beam  cross  section  is  blocked,   on  the  average,   by 


least  one  falling  raindrop.     Then,   statistically,   each  ray 
is  scattered  at  least  once  before  it  reaches  the  receiving 
plane.     If  a  is  the  drop  radius,   then  the  cross  sectional 
area  subtended  by  the  drop  is  naz.     We  assume  that,  on 
the  average,  only  one  drop  is  contained  in  a  cube  of  edge 
d,   where  1  is  the  mean  separation  between  drops.     Be- 
cause the  path  length  L  can  contain  L/d  of  these  cubes, 
the  maximum  total  area  that  the  raindrops  subtend  is 
(L/d)(iJaz).     The  entire  optical  line-of-sight  will  be 
blocked  if  this  area  approaches  d2.    Consequently,   a 
rough  condition  for  the  validity  of  the  single-scattering 
assumption  is 


(naz)(L/d)^d2 


(Al) 


To  reduce  Eq.   (Al)  to  a  condition  on  path  length  and  rain 
rate,  we  note  that,   if  A'  is  the  number  density  of  rain- 
drops,  then 


d=N-in  . 


(A2) 


Substituting  Eq.   (A2)  in  Eq.   (Al),   we  obtain 

L£(tto2N)-1=A';1  ,  (A3) 

where  Km  is  the  extinction  coefficient.  (Km  =  L~2,  where 
Lm  is  the  mean  free  path).  Substituting  the  definition  of 
N  from  Eq.   (10)  into  Eq.   (A3),  we  obtain 

Km(a)  =  1.04x  10-V3/2fc(a)  ,  (A4) 

where  h(a)  is  the  rain  rate  attributable  to  drops  of  radius 
a.    To  relate  h{a)  to  the  total  precipitation  rate  h,   we 
have  to  assume  a  drop-size  distribution.    As  an  example, 
we  assume  that  the  drop  sizes  obey  a  Marshall-Palmer 
distribution.    II  p (a)  is  the  probability-density  function 
of  raindrop  size  as  defined  in  Eqs.   (26b)  and  (27)  in  the 
text,  then 

h(a)  da  =hp(a)  da  .  (A5) 

Substituting  Eqs.   (A5),  and  (27)  into  Eq.   (A4),  we  have  " 

Kja)  =  2.  77  x  lO^ATw^V2^  ,  (A6) 

where  A  is  defined  in  Eq.   (26b).     Equation  (A6)  is  the 
extinction  that  is  attributable  to  drops  of  radius  a.    To 
calculate  the  total  extinction  we  must  integrate  Eq.  (A6) 
over  drop  size.    After  performing  this  operation  and 
substituting  the  expression  for  A  from  Eq.   (26b),   we  ob- 
tain 

A'm  =  1.7>10-V-685     .  (A7) 

(The  units  of  Km  are  m"1. ) 

Finally,   to  calculate  the  mean  free  path,   we  note  that 
A*    =  /  "'  and  obtain 


Z-m  =  5.9  •  lO3^)- 


(A8) 


Note  that  h  must  be  in  mm/h  to  give  Lm  in  meters.     For 
a  moderate  rain  (/7  =  10  mm  xh)  I.m    1200  m;   therefore, 
the  single-scattering  assumption  is  valid,   in  this  case, 
for  paths  up  to  1 .  2  Km.     In  a  heavy  rain,   //-100  mm/h, 
we  obtain  /.„  -^250  m.     These  restrictions  are  not  severe; 
they  indicate  I  hat  useful  path-averaged  measurements  of 
rain  parameters  can  be  made,   based  on  a  single-scat- 
tering theory. 
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APPENDIX  B:     EVALUATION  OF  THE  INTEGRALS  IN  THE  TEXT 
BY  THE  METHOD  OF  STATIONARY  PHASE 

Let  F(k)  denote  an  integral 

F(u)=  f  f(t)exp[htg(t)]dt  ;  (Bl) 

then,   by  the  method  of  stationary  phase,  l3  as  u  —  °°,   we 
obtain 

F(u)  -  LJ^jJ      exp[('Kr(/0)  T  |  „}  ][/(/„  +0)  +f(t0  -  0)]/2, 

(B2) 

where  the  minus  and  plus  signs  correspond  tojf"(/0)<0 
and  g"(t0)  >0,  respectively.  This  result  will  be  used  to 
evaluate  the  integrals,   Fx  to  F$. 

(a)     Ft  =  f  exp(-  iwf)/,  (x,  ttf)  cS 

=-  r  rfv'  j  ^2'  r  rf/exp(-iu)/) 


:  cos[a{(y'2  +z'2)  -z'f't  +  (v't)2/2}] 

,jMy'2+zn)uz\JrlWz  +  {z'-i'tnn 

(y'z+z'zY'2         {v'2  +  U'-r'/)2!I/2 


(B3) 


where  v'  =rp/x.     Because  a»  1,   we  can  use  the  method 

of  stationary  phase  to  evaluate  Eq.   (B3).     If  we  let 

2,  =  v't  -  z'  in  the  integral  over  /,   then  Eq.   (B3)  becomes 

F|  = — -I    dy'  I     dz'exp(-iw'z') 

x  J    ^cos^'z^cosfay'2  +  az'z/2  +  az\/2\ 


(B4) 


JJ1[(y,3+Z'2)1/2)Ji[(y'2^D1/2] 

(v'2  +  z'2)1/2      (T^TTfF2- ' 

where  o>'  =  io/v' .     We  also  have 

cos^^Jcosfajy'2  +e'2/2+z2/2}] 

=  |{cos[av'2  +  a2'2/2  +  o)'2,  +  azf/2] 

+  cos[ay'2  +  az'2/2  -  w'zj  4-  atarf/2] }  . 

There  will  be  no  stationary-phase  points  for  the  first 
term  with  respect  to  zu   for  z'  >0;   hence  the  contribu- 
tion of  the  first  term  can  be  neglected.     The  stationary 
phase  occurs  at  zx  =  u'/a  in  the  second  term.     Substitut- 
ing Eq.   (B2)  into  (B4),   we  obtain 

Again,   using  the  method  of  stationary  phase  with  respect 
to  y'  at  y'  =0,   we  have 

Ft  =  — ■ '      dz   sin—- —   cos(oj  'z ')  -Li- 11— i , 

kv     J0  L   2         2a  J  z'         lo'/o 

Following  a  similar  approach  with  z'  at  z'  =  w'/a,   we 
obtain 


Fx  = 


2j^V  Jf(n) 
fc3/2r       ft2 


mk-—)lrX'  ■      (B5) 


(b)    Fz=  f    exp(- iut)Iz(x, vt)dt 

=  /    dy'  f    dz'fdtcos[a(z'v't~(v't)z/2)] 

xexp(     tut)     {v,2+z,2)V2  {y'Z  +  (z'-v't)Z}l<Z      ' 

(B6) 
where,   again,   tj'  =  ;>rj/x.     Using  the  method  of  stationary 
phase  twice  with  respect  to  /  and  z',  as  previously,  we 
finally  have 


b^0    ~J  (y'2+ft2) 

The  integral  over  y'  in  Eq.   (B6)  can  be  performed,  H 
i.  e. , 

_,  _  2T7?gt(2a) 


fev     ft2     ' 


(B7) 


where  //]()  is  a  Struve  function  of  the  first  order, 
(c)   F3=  f  dap(a,x)Ii(z0-vt)(\az)N(a,x) 

=  -\  \     daj    dx  (  dy' f    dz' p(a,  x)a2N(a,  x) 

x  cos|>{(y'2  +  z'2)  -z'{z'0  -  VtT)/x)  +  (z£  -  rtr)/x)2/2]\ 
;;  Jt[(y'2+2'2)1/2]  ^[{y'^^^  +  r/V*)2}1'2] 

(V'2^'!)"2  {V'2  +  U'-2o  +  r/77/v)2}I/2       ' 

(B8) 
where  z'0=z0ri/x.    Again,   using  the  method  of  stationary 
phase  twice  with  respect  to  y'  at  y'  =0  and  z'  at 
z'  =  [z'0-  vtr)/x)/2,   we  obtain 


F3=2*k  J      —  j     dap{ci,x)aAN(a,x) 


ra(£^-r/T?/.v)2"[ 


J^z^-vin[x)/2\ 


{z'a-vtr)/x)z 
Inserting  Eq.   (10)  into  Eq.   (B9)  gives 
1.66xlO-1077   f  L  h(x)dx 


(B9) 


F,= 


/"*■  /i(x)dx  r "      .     .  ,/2 

-'o  *       ^o 

1ft^-,/)nja^hB-,/)/(2x)]j  , 

L       4*        J        h-D/)2/^ 


From  Eq.   (8),  we  have  1^  =  200^  in  SI  units.     Then  Eq. 
(BIO)  can  be  expressed  as 

„      2.09xl0"7    rL 
F*  = 1 


fL  h(x)dx   f  dv    I    v2         \ 

I    ~7~l    ^PWW'X) 


where  Q,  =f/fa  and/0  =  v/(2va). 


xS1np^°-''/)2l'/^'>"''S/A8^10M1-     (BID 
L       4x        J  (z0-vtr/4x2 

The  condition  for  the  method  of  stationary  phase  to  be 

applicable  to  the  integration  over  v  is  that  the  oscillation 

of  the  sine  function  should  be  rapid  compared  with  both 

the  Bessel  function  and  the  probability-density  function 

of  velocity.    Comparing  the -arguments  in  the  sine  and 

the  Bessel  function,  we  find  that  we  must  have 

/ »  (L/k)lH/lQ0.    It  is  not  difficult  to  show  also  that  the 

velocity-distribution  function  must  satisfy 

oJ\> »  (2L/k)i/2/z0,  where  av  is  the  standard  deviation  of 

the  terminal  velocities  of  the  different-size  raindrops. 
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Assuming  that  these  conditions  are  satisfied,  we  can 
again  apply  the  method  of  stationary  phase  with  respect 
to  v  at  v-zji  in  Eq.   (Bll);    hence,   we  have 


F,= 


8.18xl0-'\^ 


/: 


^  f  dxx-uzh(x)p(a',x)  ,  (B12) 


where  a'  =2n/(4x  104/2). 


(d)     Ft=  f   rf2 />(«,. v)/2(?0-r/)(|a2)A'(x)  =  «   /     dx  i    dy' I    dz'  f   da  p(a,x)azN(x) 

(yz+zz)1/,!         iy    +(z   -2o  +  !'f7j/.r)2j1/2 
If  we  let  r  =  200/?  and  insert  Eq.   (10)  into  Eq.   (B13),  we  obtain 


(B13) 


^4=6.65xl0-8  f   h(x)dx  f    dz  f    dx  f     - 

JQ  J.*  J.<x>  -'o         l 


dtH*k&'x^'v  [ "~"]  ( i!  '"' 2;  x| 


J1[fei-2(y2-r22)1/2/(4vl04.v)]  J1[fer2{y2  +  (g-£0+r/)3}I/V(4xl04,v)] 


(>,2+22)l/2 


{rMj-2„  +  rt)2!"! 


(B14) 


Again,   if  we  assume  that  /  »  (L/fc)1/4/100  and  av/v  »  (2L/k)1/z/zQ,  we  can  apply  the  method  of  stationary  phase  to  Eq. 
(B14)  with  respect  to  v.     The  result  is 

,F4=6.64xl0-8(277A/2)1/2  f  dxxV2h(x)  f   dx  f   dz p\ >„  -  a)2/4x  104/ 2,  *]  C.os(fez2/2x  -  {  ir) 


Ji[kU0  -  <)H  v2  +?2)1/8/(4  x  104.y/ 2)]  J^Mgo  -  £)V(4  *  IP4*/2)] 
(v2+£2)1/2  y(z0-z)2A2 


Using  the  method  of  stationary  phase  once  more  with  re- 
spect to  z,   we  reduce  Eq.   (B15)  to 


FK  =6.  64x  10-8^-  Cdxh{x)x  f'dxp(a',  x)J'[k^/x] 
From  Ref.  14,   page  693,  we  obtain 


(B15) 


Therefore,   we  have 

F4=8.85xl0"12/-1  f   dxh(x)p(a',x)  ,  (B16) 

■'o 

where  a'  =  z2/(4x  104/2). 


(e)     F5=/V^Vsin2[<v'2+2'2)/2]j1[(y'2+2'2)1/^ 

-|/"rfy'/"^'cos[a(y'2+2'2)]j1[(v'2+^'2)1/2]/(y'2+^'2)  . 


(B17) 


Because  a»  1,   the  method  of  stationary  phase  can  be 
applied  to  the  second  term  with  respect  to  v'  and  z' . 
From  Eq.   (B2),    the  second  term  is  equal  to  zero.     Let- 
ting p2  =y'2  +  z'z,   we  then  have 


F*  = 


dpj\(p)/p  . 
a 


The  integration  over  p  is  equal  to  \.     Hence,   we  have 
Fs  =  n/2  .  (B18) 
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Wind  and  Refractive-Turbulence  Sensing  Using 
Crossed  Laser  Beams 


Ting-i  Wang,  S.  F.  Clifford,  and  G.  R.  Ochs 


The  theory  of  optical  propagation  through  atmospheric  turbulence  demonstrates  the  sensitivity  of  such 
quantities  as  log-amplitude  variance  and  covariance  to  strength  of  refractive  turbulence  and  transverse 
wind.  We  exploit  this  sensitivity  by  using  a  crossed-path  technique  to  derive  path  profiles  of  these  quan- 
tities. The  results  are  insensitive  to  changes  in  the  spatial  spectrum  of  the  refractive-index  variations. 
The  path  resolution  is  easily  varied  by  changing  the  receiver  and  transmitter  separations  and  is  ultimately 
limited  by  signal-to-noise  considerations.  The  experimental  results  for  horizontal  paths,  described  here, 
will  ultimately  be  used  to  indicate  the  feasibility  of  profiling  on  vertical  paths  with  passive  sources. 


I.     Introduction 

Traditional  techniques  for  measuring  meteorologi- 
cal variables  have  used  point  sensors.  More  re- 
cently,1 6  measurements  of  average  transverse  wind 
have  been  demonstrated  along  optical,  microwave, 
and  acoustic  paths  on  the  order  of  one  to  several  kilo- 
meters. These  techniques  interpret  the  naturally  oc- 
curring atmospheric  modulation  of  the  beam  intensi- 
ty (scintillation)  to  extract  the  average  transverse 
speed  and  direction  of  air  motion  between  source  and 
receiver.  This  has  introduced  a  new  type  of  mea- 
surement that  is  both  more  sensitive  and  more  repre- 
sentative for  mesoscale  meteorology  than  any  collec- 
tion of  anemometers  could  possibly  provide.  The 
scintillation  technique  permits  measurement  of  the 
extremely  small  velocities  prohibited  by  bearing  fric- 
tion in  conventional  anemometers.  A  single  laser 
link  can  provide  an  estimate  of  windspeed  along  a 
10-km  path,  one  that  is  truly  representative  of  the 
average  flow  across  that  path.  An  ensemble  of  ane- 
mometers spaced  out  on  the  same  10-km  path  would 
be  subject  to  the  limitations  caused  by  inadequate 
spatial  sampling,  the  equivalent  of  aliasing  in  time 
series  analysis. 

The  average  wind  sensor  has  several  promising  ap- 
plications. By  enclosing  a  volume  with  horizontal 
optical  paths,  we  can  measure  the  outward  flux  or  in- 
ward convergence  of  air,7  a  useful  quantity  in  the 
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monitoring  for  pollution  events  in  cities.  In  a  similar 
context,  the  mean  flow  of  air  down  a  valley  is  a  criti- 
cal parameter  to  know  before  initiating  such  pollu- 
tion-causing activities  as  agricultural  burning.  In 
airline  safety  applications  giving  a  real-time  readout 
of  the  spatially  averaged,  cross-  and  parallel-runway 
wind  components  to  pilots  is  more  meaningful  than 
the  reading  of  a  single  anemometer  located  some- 
where on  the  airport  grounds.  In  general,  laser  wind 
sensors  can  contribute  to  a  higher  quality  and  more 
appropriate  wind  information  in  these  applications. 

This  work  describes  a  modification  of  the  scintilla- 
tion technique  that  provides  transverse  wind  veloci- 
ties and  strength  of  refractive  turbulence  Cn2  at  sev- 
eral path  positions.  This  technique  is  not  only  useful 
for  providing  wind  and  refractive  turbulence  profiles 
along  horizontal  or  slant  paths,  but  also  provides  a 
reasonable  model  for  testing  our  ability  to  measure 
these  profiles  aloft,8  using  passive  sources  such  as 
multiple  stars  or  portions  of  the  limb  of  the  sun  or 
moon. 

II.     Theory 

Profiling  with  crossed  beams  is  most  easily  ana- 
lyzed in  terms  of  the  theoretical  development  of  Lee 
and  Harp.y  Figure  1  illustrates  the  geometry  of  our 
crossed-path  system.  Two  point  transmitters 
aligned  parallel  to  the  y  axis  illuminate  two  detectors 
whose  axis  is  oriented  at  an  arbitrary  angle.  The 
transmitter  coordinates  are  (0,p(/2,0)  and  (0,  — 
Pf/2,0),  and  the  receiver  coordinates  are  (0,yn/2,L) 
and  (xo,  —  yo/2,L).  The  z  axis  is  perpendicular  to 
the  transmitter  and  receiver  planes. 

A  transmitter,  say  Ta  i-n  Fig.  1,  emits  a  spherical 
wave  of  wavelength  X  =  2w/k  from  the  coordinates 
(0,p(/2,0)  that  illuminates  a  differential,  sinusoidal 
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(0,  p,  12 ,0) 


(0.-^p,  /2,0) 


(o,y0/2.L) 


K-,yc'2.u) 


Fig.  1.     Schematic  of  the  crossed-path  geometry  with  two  laser 

transmitters  Ta  and  Tt,  illuminating  detectors  Ra  and  /?/,, 

respectively. 


phase  screen  of  wavenumber  K  at  path  position  z  =  s. 
The  phase  screen  imposes  a  sinusoidal  phase  pertur- 
bation on  the  wave.  Following  Lee  and  Harp,  if  the 
scattering  from  this  screen  is  sufficiently  weak,  we 
can  represent  the  resulting  field  in  the  receiving 
plane  as  the  sum  of  the  three  spherical  waves,  name- 
ly, the  original  wave  emitted  from  the  point  (0,p,/2,0) 
and  two  additional  waves  originating  at  p,/2  +  K(s/k) 
and  pt/2  —  K(s/k).  These  waves  propagate  to  the  re- 
ceiver at  (po,L),  where  p0  =  {xo,  -  yo/2,0).  The  re- 
sulting field  dEa,  observed  by  receiver  Ra  from  trans- 
mitter Ta,  is  then 


dE„ 


.,     ,  \iK2a{L  -  s)~\ 

cos{K-[p^    +\pt{\  -f)  +  b]}-  (D 

[In  Eq.  (1)  we  have  dropped  the  unimportant  phase 
factors  common  to  all  terms.]  The  quantity  K  is  the 
two-dimensional  spatial  wavenumber  of  the  phase 
screen,  ds  is  its  differential  thickness,  and  a  (K)  is  its 
change  in  refractive  index  from  unity.  The  wave- 
number  of  the  radiation  is  denoted  by  k  =  2ir/\, 
where  A  is  the  wavelength,  and  K  •  b  is  an  arbitrary 
phase  offset.  We  further  assume  that  receiver  Ra  ob- 
serves only  the  radiation  from  Ta  and  /?/,  the  radia- 
tion from  7V  This  requires  some  form  of  source 
coding,  such  as  polarization,  frequency,  and  so  forth, 
or  field  of  view  limitation. 

Similarly,  the  signal  detected  by  /?/,   from  TV,   is 
given  by 

1        -,     ,           [H<2s(L  -  s)~\ 
dEb  =  1  -  ,kads  expl— 2j£ J 

cos{k-[v„(s/2/.)  -\p,tt   -s/L)   4  b]}.    (2) 

The  amplitude  fluctuations  produced  by  these  sig- 
nals at  detectors  R„  and  Rh  are  found  from  the  for- 
mula 


(I  I'  =   \dE 


1    =-   \Re-(ilE)    4   Inr(r//-: 


1. 


(3) 


where  Re  and  Im  are  the  real  and  imaginary  parts,  re- 
spectively. Substituting  Eqs.  (1)  and  (2)  into  Eq.  (3) 
and  ignoring  terms  of  second  order  of  smallness  in  a, 
we  obtain 


«<■•  =  *«"4!tl)] 


cos{k-[p0(s/L)   +  iftO  -  s/L)  +  b]j 


(4) 


and 


wn           ,    J     „■     [K7s(L   -  s)"| 
dPb  =  fends  sin  ^ ^ — J 

cos{K-[y0(s/2L)  -  |p,(l   -  s/L)   +  b]}.      (5) 

By  cross  correlating  the  amplitude  fluctuations  [Eqs. 
(4)  and  (5)],  we  obtain  a  signal  proportional  to  a 
path-weighted  average  of  the  refractive  turbulence 
common  to  the  two  optical  paths.  The  differential 
covariance  function  formed  in  such  a  manner  is 


rfc 


glnfMziil]    ■     «(K,s,)a*(K,S2) 
cosJK-[p0s,/L   +  2P'{1  ~  Si/L)  +  b|]} 
cos  JK-[y„(s,/2l)  -  |pf(l   -  s2/L)   +  b2]l  >    .     (6) 


The  integrals  over  pathlength  occur  because  we  are 
adding  up  waves  scattered  from  phase  screens  dis- 
tributed all  along  the  path  and  because  the  effects  of 
different  K's  are  uncorrelated,  we  only  consider 
products  containing  the  same  spatial  wavenumber  K. 
After  we  perform  the  operations  detailed  in  Appen- 
dix I  of  Lee  and  Harp,  Eq.  (6)  reduces  to 

dCab   =  2-/,-'  j     r/.s$„(K,  x)ifiK  Sin2  [^%f  -] 

cos  [K-[(x0  -  yu)s/I.   +  p,(l  -  s/L)\}.  (7) 

All  that  remains  to  complete  the  analysis  is  to  ac- 
count for  the  effects  of  all  the  different  spatial  scales 
at  path  position  s  and  insert  a  reasonable  refractive- 
index  spectrum  <f>n(K,.s). 

The  most  commonly  used  spectrum  is  the  power 
law  proposed  by  Kolmogorov. ,()  From  dimensional 
analysis  arguments,  he  found  that  the  three-dimen- 
sional spectrum  of  the  velocity  fluctuations  in  a  tur- 
bulent flow  should  decay  as  K~n/A  within  the  so- 
called  inertial  subrange.  (The  inertial  subrange  is 
bounded  on  the  large  scale  sizes  by  the  requirement 
of  isotropy  and  on  the  small  scales  by  the  onset  of 
viscous  dissipation.)  By  a  series  of  arguments, 
Corrsin"  shows  that  the  same  analysis  should  apply 
to  temperature  fluctuations  and  to  other  scalar  func- 
tions that  are  conservative  passive  additives  (humidi- 
ty etc)  and  ultimately  to  refractive-index  fluctua- 
tions.   The  form  of  the  spectrum  is 


<t>„(/\)       0.033  C-(s)l< - 


(8) 


where  Cn2  is  the  strength  of  the  refractive-index  fluc- 
tuations, and  /o  and  L{)  are,  respectively,  the  inner 


November  1974    /    Vol.13.  No.  11    /  APPLIED  OPTICS  2603 


252 


Fig.  2.     Refractive- index  structure  parameter  (Cn2)  path-weight- 
ing functions  for  three  different  transmitter-receiver  configura- 
tions.   The  transmitter  and  receiver  separations  are  a,  and  a  Fres- 
nel  zones,  respectively,  and  0  -  0. 


and  outer  scales  of  turbulence  that  define  the  inertial 
subrange.  [In  the  work  that  follows  we  have  varied 
the  power  law  in  Eq.  (8)  from  -9/3  to  -13/3  and 
found  negligible  change  in  the  resulting  weighting 
functions.  This  is  perhaps  intuitively  obvious  in  the 
results,  because  the  weights  are  largely  determined 
by  the  path  geometry.]  After  inserting  Eq.  (8)  into 
Eq.  (7)  and  integrating  over  spatial  wavenumber,  we 
obtain  the  covariance  function  of  the  amplitude  fluc- 
tuations of  the  crossed-path  signals, 

Cat)   =  0.132772A-2f     dsC„Hs)('  dKK-in 

si":[A "S(2feL  ~J  ■/»lA'l(xo  -yo)*A    +  Ml  -  s/L)\\  . 

(9) 
Equation  (9)  is  the  desired  result.  From  this  expres- 
sion we  can  deduce  the  weighting  functions  for  both 
C2  and  transverse  wind  speed. 

III.     C„2  Path-Weighting  Function 

The  path  resolution  of  the  cross-correlation 
scheme  becomes  readily  apparent  if  we  rewrite  Eq. 
(9)  in  the  more  suggestive  form 


C,a(.v0,  v0,  Pi) 


f  rfscy 


(s)U^(s,.vll,  v0,p(),      (10) 


where  Wab   is  now  the  path-weighting  function  for 
C„2  variations,  given  by 


J0tA'|(xo  -y0)s/i  +  p,(l  -s/L)\\.  (ID 

To  obtain  a  set  of  universal  curves,  we  write  the  sepa- 
rations in  Eq.  (11)  in  terms  of  Fresnel  zones  x0  = 
/3(aL)1/2,  y0  =  a(XL)1/2,  and  pt  =  a((XL)1/2.  This 
produces  the  expression 


H'„ 


/: 


dvv~ 


■   2[V(< 


s/L)(l  -  s/LY 


J<fo  I  (/3 


4tt  J 

a)s/L   +  o?((l 


In  Eq.  (12),  we  have  dropped  the  unimportant  multi- 
plicative factors  and  changed  the  variables  to  y  = 
K(\LY'2. 

Equation  (12)  can  be  evaluated  analytically  in 
terms  of  confluent  hypergeometric  functions  without 
any  further  gain  in  insight.  The  most  efficient  anal- 
ysis is  by  computer,  and  the  resultant  plots  are  shown 
in  Figs.  2,  3,  and  4.  For  Cn2  weighting,  0  =  0  is  the 
optimum  choice.  In  this  case  there  exists  a  true 
crossover  of  the  optical  beams  and,  of  course,  the 
maximum  correlation.  This  is  not  true  for  the  wind- 
weighting  function  where  a  horizontal  displacement 
of  the  two  beams  is  essential  for  determining  the 
sense  of  the  wind.  Figure  2  illustrates  some  typical 
weighting  functions  for  emphasizing  10%,  50%,  and 
90%  of  the  optical  path  from  the  transmitter.  The 
desired  location  of  the  peak  fixes  the  relation  be- 
tween at  and  a  by  way  of  the  expression 


Cs/L)0 


at/(at    +  a). 


(13) 


The  characteristics  of  curves  in  Fig.  2  are  a  reason- 
ably large  peak-to-side-lobe  ratio  for  the  midpath 
case  and  fairly  extensive  side  lobes  for  peaks  near  the 
ends  of  the  path. 

If  we  increase  the  magnitude  of  at  and  a  while 
keeping  the  location  of  the  peak  constant,  we  observe 
the  behavior  shown  in  Fig.  3.  The  width  of  the  main 
lobe  decreases  nearly  linearly  with  increases  in  trans- 
mitter and  receiver  separation.  This  is  a  reasonable 
result,  because  increasing  the  angle  of  intersection  of 
the  two  beams  decreases  its  volume  of  overlap  and 
therefore  decreases  the  size  of  the  region  of  maxi- 
mum correlation  along  the  path.  Finally,  to  illus- 
trate the  sensitivity  of  the  weighting  functions  to 
changes  in  the  spectrum  of  refractive-index  turbu- 
lence, we  have  the  curves  in  Fig.  4.  Even  after 
changing  the  power  law  of  the  spectrum  by  more 
than  40%  from  —9/3  to  —13/3,  we  observe  less  than  a 
25%  change  in  width. 

IV.     Wind  Weighting  Function 

It  is  quite  simple  to  insert  into  Eq.  (9)  the  time  de- 
pendence caused  by  moving  turbulence.    Physically, 


s/L)\\.  (12) 


Fig.  3.     Refractive-index  structure  parameter  (Cn2)  path- weight- 
ing functions  showing  the  variability  of  the  path  resolution  with 
increasing  angle  of  intersection  of  the  two  optical  paths.     The 
transmitter  and  receiver  separations  are  equal,  a  =  a,  and  /3  =  0. 
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Fig.  4.     Refractive-index  structure  parameter  (Cn2)   path  weight- 
ing functions  for  different  assumed  turbulence  spectra.     The  re- 
ceiver and  transmitter  separations  a  and  a,   are  equal,  and  their 
displacements  are  in  the  same  plane  so  that  /3  =  0. 


a  refractive-index  eddy  drifts  through  the  optical 
beam  at  path  position  s.  The  disturbance  at  the  re- 
ceiver produced  by  this  event  is  enlarged  by  the  fac- 
tor L/s,  and  its  speed  is  increased  by  the  same  factor. 
As  a  result,  the  temporal  frequency  of  the  distur- 
bance remains  Kv  at  both  the  path  position  where  it 
originated  and  at  the  receiver.  The  proper  modifica- 
tion of  Eq.  (9)  to  account  for  the  temporal  correlation 
produced  by  this  eddy  drift  is  to  replace  (x0  —  yo)s/L 
with  the  expression  (x0  —  yo)s/L  —  v(s)t,  where  t  is 
the  time  lag  between  observations  at  receivers  Ra  and 
Rb-  (A  more  detailed  analysis  and  careful  examina- 
tion of  the  assumptions  involved  in  this  substitution 
may  be  found  in  Clifford.12) 

The  advantages  of  measuring  the  transverse  wind 
by  means  of  the  slope  technique  are  fully  discussed  in 
Ref.  1.  In  this  method,  after  inserting  the  effects  of 
transverse  wind,  we  derive  the  path-weighted  veloci- 
ty by  computing  the  slope  of  the  correlation  function 
[Eq.  (9)]  at  zero  time  lag.  This  process  results  in  the 
expression 


(14) 


where 


and 


W„  =   f    dsCn2(s)vi(s)-Wa6(s), 

Wa6   =  G.U2~lr[~  dKK-s/*  sin-  [  ^fjrf  -]  •/,  (AV)f . 

(15) 

The  quantity  r  is  a  unit  vector  along  r  which  is  given 
by 


r  =  (x0  -  yu)s/L  +  p,(l  -  s/L). 


(16) 


In  deriving  Eq.   (15)  we  have  inserted  the  relation 

dJQ(z)/dZ  =   ~J\(Z). 

From  the  path  geometry  in  Fig.  1,  we  observe  that 
the  two-path  crossover  point  occurs  at  s/L  =  pj(pt  + 
Vo).  Here  the  y-directed  component  of  the  velocity 
has  exactly  zero  contribution  since  at  this  location  rv 
in  Eq.  (15)  is  zero.  This  is  perhaps  intuitively  ob- 
vious because  any  eddy  moving  vertically  (y  direc- 


tion) will  intercept  both  beams  simultaneously  at  the 
crossover  point.  This  will  contribute  nothing  to  the 
slope  at  zero  time  lag  which  is  a  measure  of  the  dif- 
ference of  arrival  time  of  the  eddy  at  each  beam. 
Further,  the  weighting  function  is  essentially  an  odd 
function  with  respect  to  this  point  since  the  eddy  in 
the  transmitter  half  of  the  path  first  intercepts  the 
beam  from  Ta  and  then  the  beam  from  7V  This 
order  is  reversed  on  the  receiver  portion  of  the  path, 
reversing  the  apparent  sense  of  the  wind.  Because  of 
the  zero  weight  at  crossover  and  the  odd-function 
weighting  in  the  resolution  cell,  we  expect  that  the 
contribution  for  the  y-directed  wind  to  be  negligible 
compared  to  the  x-directed  wind.  This  fact  is  borne 
out  by  a  detailed  analysis  of  Eq.  (15). 

To  generate  a  universal  curve  for  the  x-directed 
wind-weighting  function,  we  again  normalize  to  a 
Fresnel  zone  size,  i.e.,  lety  =  K(\L)l/2,  x0  =  I3(\L)1/2, 
y0  =  «(XL)1/2,  and  pt  =  at(\L)l/2,  then  Eq.  (15)  be- 
comes 


U'„ 


{1   +  (r>  -  at(L/s  -  Df}-l/2f 


rfw 


sin2|YS/L(l s/L)jJdv|(fJ  _  a)g/L   +a;(1  _  s/L)|J_ 

(17) 

Equation  (17)  is  plotted  in  Fig.  5  with  a,  and  a 
chosen  to  peak  the  weighting  at  each  of  10%,  50%, 
and  90%  of  the  path  from  the  transmitter.  In  each  of 
these  cases,  /3  was  chosen  to  optimize  the  path- 
weighting  function  for  a  single  path.  An  indication 
of  the  variability  of  the  weighting  with  fi  is  shown  in 
the  curves  near  the  10%  portion  of  the  path.    Figure 

6  illustrates  the  dependence  of  the  width  of  the 
weighting  function  on  the  transmitter  and  receiver 
separation,  namely,  a  marked  narrowing  with  in- 
creasing transmitter  and  receiver  separation.    Figure 

7  illustrates  the  sensitivity  of  the  results  to  different 
spectra  of  refractive  index  turbulence,  again,  as  in 
the  case  for  Cn2,  showing  a  weak  dependence. 

V.     Experimental  Results 

We  performed  a  series  of  measurements  at  optical 
wavelengths  on  a  horizontal  path   1.5  m  above  the 


Fig.  5.       Wind  weighting  functions  for  various  values  of  transmit- 
ter separation  en,  and  receiver  coordinates  a  and  0. 
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Fig.  6.     Wind-weighting  functions  showing  the  variability  of  the 
path  resolution  with  increasing  angle  of  intersection  of  the  two  op- 
tical paths.     The  receiver  coordinates  are  /3  =  0.3  Fresnel  zones 
with  variable  «  =  a, . 
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Fig.  7.     Wind-weighting  functions  for  different  assumed  turbu- 
lence spectra.     The  transmitter  separation  is  «,   =  1,  and  the  re 
ceiver  coordinates  are  a  =   1  and  \i  =  0.3.     All  quantities  are  in 
Fresnel  zones. 


grass-covered  surface  of  Table  Mountain,  a  flat  mesa 
located  12  km  north  of  Boulder,  Colorado,  to  test 
some  specific  cases  of  the  theory.  The  test  arrange- 
ment is  shown  schematically  in  Fig.  8.  Two  He-Ne 
lasers,  operating  at  6328  A  and  vertically  separated 
by  3.2  cm  (1.8  (XL)I/2  for  our  500-m  path),  were  pro- 
jected to  the  receiver  array  shown.  The  beams  were 
polarization  coded  so  that  the  upper  beam  was  re- 
ceived only  by  the  lower  four  receivers,  and,  similar- 
ly, the  lower  beam  was  received  only  by  the  two 
upper  receivers,  as  shown.  The  beam  size  at  the  la- 
sers was  about  0.7  mm;  the  angular  divergence  was 
approximately  1.7  mrad  in  the  horizontal  by  3  mrad 
in  the  vertical.  A  negative  cylindrical  lens  was  used 
to  obtain  increased  vertical  divergence,  to  allow  for 
changes  in  regular  refraction.  Square  photodiode  re- 
ceivers, 2.7  m  X  2.7  mm,  were  used. 

The  four  detectors,  used  in  the  difference  mode  (a 

—  b),  (c  —  d),  and  (e  —  f),  provided  signals  whose  co- 
variance  functions  ((a  -  b)(c  -  d))  and  {(a  -  b)(e 

—  f))  gave  the  path-weighted  determinations  of  C„- 
and  wind,  respectively.  This  differencing  scheme  re- 
moves low  spatial  frequencies  and  consequently  im- 


proves the  SNR  compared  with  the  two-point  covar- 
iances  described  in  the  theory  [Eqs.  (10)  and  (14)]. 
If  the  spacing  at  which  the  differences  are  computed, 
for  example  (a  —  b),  is  larger  than  a  Fresnel  zone  for 
the  optical  path,  the  effect  of  the  resultant  spatial  fil- 
tering on  the  theory  is  negligible.  However,  in  all 
cases  when  comparing  theory  and  experiment,  we  as- 
sumed the  exact  configuration  shown  in  Fig.  8  and 
modified  the  theory  accordingly. 

Ten  propeller  anemometers,  distributed  along  our 
optical  path  as  shown,  determined  the  horizontal 
component  of  the  transverse  wind.  The  refractive- 
index  structure  parameter  Cn2  was  derived  from  tem- 
perature structure-constant  measurements  made  at 
five  locations  along  the  path  in  the  manner  described 
by  Lawrence  et  al.vi 

We  used  an  on-line  computer  to  compare  the  opti- 
cal and  in  situ  measurements.  Data  were  smoothed 
with  a  10-sec  time  constant  and  then  sampled  every 
10  sec.  We  then  obtained  the  least-squares  best  fit 
values  of  Kt  for  a  series  of  thirty-eight  equations  of 
the  form 


ZA'A 


(18) 


Cn' 

Fig.  8.      Experimental  arrangement  to  profile  wind  with  crossed 

optical  paths  showing  locations  of  in  situ  wind  and  Cnl 

measurements. 


Fig.  9.     Theoretical  weighting  function  for  Cn-.  where  <v  =  «,  =  0o 

=  1.8  and  (i  =  0  Fresnel  zones  (solid  line).    The  five  experimental 

weights  (crosses)  were  obtained  from  4  h  of  data. 
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c„ 


Ba2p, 


(19) 


Fig.  10.  Theoretical  weighting  function  for  wind  where  «,  =  1.8, 
a  =  1.8,  fi  =  0.3,  and  fa  =  1.8  Fresnel  zones  (solid-line).  The 
crosses  are  experimental  weights  using  single  anemometers.  Cir- 
cles are  weights  obtained  from  averaging  adjacent  pairs  of  anemom- 
eters.   All  points  are  derived  from  2  h  of  data. 
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Fig.  11.     Theoretical  curve  a  is  the  wind  weighting  function  for  «, 

=  1.8,  a  =  3.6,  (j  =  0.6,  and  #0  =  3.6  Fresnel  zones.    Curve  b  is  lor 

«,    =   1.8,  <r  =  0.9,  d  =  0.15,  and  fa  =  0.9.     The  experimental 

weights  from  2  h  of  data  are  shown  as  crosses  and  circles. 


where  Aq  is  the  optical  measurement,  and  A,  are  the 
in  situ  measurements.  The  average,  over  the  time 
indicated,  of  successive  values  of  the  A".s,  normalized 
to  A'max  ~  1,  is  the  experimentally  determined 
weighting  function. 

Not  all  the  data  taken  in  this  manner  can  be  used 
to  evaluate  the  K's  When  averaged  over  10  sec, 
there  is,  much  of  the  time,  insufficient  variation  in 
the  anemometer  readings  to  make  a  determination. 
The  10-sec  averaging  period  is  necessary  so  that  the 
point  measurements  are  more  nearly  like  the  40-m 
space  average  that  they  are  supposed  to  represent. 
The  system,  of  course,  is  reading  the  variable  at  the 
optical  crossover  all  the  time,  as  can  be  shown  by  cor- 
relation of  the  optical  and  anemometer  readings. 

In  Fig.  9,  five  experimentally  determined  weights 
for  Cn2  are  superimposed  upon  the  theoretical- 
weighting  function,  using  the  crosspath  arrangement 
shown  in  Fig.  8.  The  test  was  conducted  from  0500 
to  0900  local  time.  The  optical  measurement  of  ('„'-' 
was  determined  from 


where  <rx2  is  the  variance  of  the  logarithm  of  the  am- 
plitude measured  over  one  optical  path  using  a  1-mm 
diam  receiver.  In  Eq.  (19),  p  is  the  normalized  covar- 
iance  of  the  signal  (a  —  b)  with  the  signal  (c  —  d). 
The  proportionality  constant  B  was  not  evaluated. 
This  method  was  chosen  rather  than  a  direct  mea- 
surement of  the  cross  product  because  it  was  easier  to 
instrument  accurately. 

A  more  extensive  comparison  was  made  between 
theoretical  and  experimental  wind  weighting  func- 
tions. In  Fig.  10,  we  compare  two  sets  of  experimen- 
tally determined  weights  with  the  theory.  In  this 
case,  the  optically  determined  wind  is  considered 
proportional  to  the  slope  of  the  normalized  covar- 
iance  of  (a  —  b)  and  (e  —  f)  at  zero  time  delay.  The 
crosses  represent  weights  determined  over  the  period 
from  0700  to  0900  local  time,  from  comparison  with 
anemometers  3,  4,  5,  6,  and  7  (see  Fig.  8),  while  the  ci- 
rcled points  are  determined  from  the  average  of  ane- 
mometer pairs  1  and  2,  3  and  4,  5  and  6,  7  and  8,  and 
9  and  10  from  1400  to  1600  local  time.  This  latter  set 
of  weights  was  not  normalized  to  1,  because  no  ane- 
mometer pair  was  exactly  centered  on  the  optical 
crossover  point. 

In  Fig.  11  the  optical  crossover  point  was  shifted 
from  the  center  of  the  path  to  positions  %  and  %  of 
the  way  from  the  transmitter.  This  was  accom- 
plished at  the  receiver  by  optically  doubling  and 
halving  the  receiver  pattern  in  Fig.  8.  We  compared 
the  crossover  at  the  %  position  over  the  period  from 
1500  to  1700  local  time  with  anemometers  1,  2,  3,  4, 
and  5  and  the  %  crossover  position  over  the  period 
0700-0900  local  time  with  anemometers  5,  6,  7,  8,  and 
9. 


VI.     Summary 

We  have  demonstrated  the  feasibility  of  measuring 
transverse  winds  and  (?„'-'  profiles  with  crossed  optical 
beams.  The  theoretical  development  was  from  the 
first-order,  single-scatter  point  of  view,  with  no  pro- 
vision for  the  well-known  saturation14  effect.  It  is 
not  expected  that  this  effect  will  dramatically  change 
the  results  of  our  weighting  functions  since  they  are 
so  strongly  dependent  on  the  path  geometry  and  not 
on  the  details  of  the  diffraction  process.  However, 
we  intend  to  check  the  validity  of  this  assumption 
and  compile  observations  of  more  weighting  func- 
tions under  a  wide  variety  of  meteorological  condi- 
tions. Once  the  sensitivity  of  these  weighting  func- 
tions to  variations  in  atmospheric  parameters  is  de- 
termined on  a  horizontal  test  path,  we  propose  to 
apply  these  same  techniques  with  perhaps  more 
modifications  on  vertical  paths  using  multiple  stars. 

The  primary  support  for  this  project  was  provided 
by  RADC(OCSE),  Griffiss  AFB,  New  York  13441 
under  contract  F  30602-73-0139.  The  Scientific 
Monitor  was  Raymond  P.  Urtz,  Jr. 
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A  Numerical  Comparison  of  Two  Inversion  Techniques 
For  Remote  Sensing  of  Atmospheric  Temperature  Profiles 

Otto  Neall  Strand  and  Ed  R.  Westwater 
National  Oceanic  and  Atmospheric  Administration 
Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 

Introduction 

Vertical  temperature  profiles  obtained  by  inverting  imperfect  radiance 
observations  depend  strongly  on  the  method  of  retrieval.   Results  of  previous 
investigators  (e.g.,  Fleming  and  Smith  )  have  indicated  that  among  several 
contemporary  inversion  algorithms,  no  method  has  clear  superiority  over  its 
competitors.   Success  in  inversion  is  relative  and  weighs  heavily  on  the 
choices  of  success  criteria.   In  this  paper,  we  use  linear  iterative  methods 
for  a  numerical  comparison  of  the  generalized  Landweber  technique  and  the 
Backus-Gilbert  technique  for  retrieving  profiles  from  satellite  infrared 
radiance  observations.   In  particular,  we  compare  the  rms  error  of  the 
retrieval  methods  for  an  ensemble  of  profiles,  and  illustrate  the  dependence 
of  the  solution  on  the  initial  guess  and  on  the  number  of  iterations. 

Description  of  Methods 

The  integral  form  of  the  radiative  transfer  equation1  relates  radiance 
I (v )  at  frequency  v  to  a  weighted  spatial  average  of  the  Planck  radiance 
B(v,T),  where  the  temperature  T  is  a  function  of  the  pressure  P.   Because 
of  the  nonlinear  dependence  of  B(v,T)  on  T,  the  radiance  is  a  nonlinear 
functional  of  T(P).   Linear  iterative  methods  can  be  applied  to  this  equation 
by  first  expanding  the  integrand  in  a  Taylor's  series  about  an  initial  guess 
Tl°J  (P)  and  retaining  terms  to  first  order  in  T(P).   This  yields  the 
perturbation  form  of  the  transfer  equation 

P 

6  I(v)  =   f  °W(v,P)  6T(P)  dP,  (1) 

■'o 

where  6  I (v)   is  the  departure  of  measured  and  calculated  radiance.  W(v,P) 
is  the  weighting  function  for  temperature,  and  6T(P)  =  T(P)  -  T^-°-'(P).   The 
surface  term,  although  not  explicitly  shown  in  Eq.  (1),  was  included  in  our 
calculations.   After  solving  Eq.  (1)  for  6T(P),  we  iterate  by  replacing  Tl°J (P) 
by  t'-0-'  (P)  +  6T(P)   and  relinearizing.   The  process  is  continued  until  the  sum 
of  squares  of  residuals  is  commensurate  with  the  known  instrumental  noise. 

The  original  Backus-Gilbert  method  has  been  applied  to. satellite 
retrieval  problems  by  Conrath2  and  Surmont  and  Chen3.   To  apply  this  technique 
to  a  profile  inversion  problem  requires  calculation  of  the  so-called  spread 
tensor  at  each  point  on  the  profile.   This  expends  much  computer  time  for 
iterative  inversion  to  retrieve  a  large  number  of  functional  values.   For  this 
reason,  we  constructed  averaging  kernels  and  inversion  coefficients  by 
minimizing  the  mean  square  departure  from  a  delta  function  (Westwater  and 
Strand  ).   The  averaging  kernels  constructed  by  the  two  methods  and  a  typical 
weighting  function  are  shown  in  Fig.  1.   Note  both  the  much  sharper  resolution 
and  the  poorer  side  lobe  response  of  the  delta  function  kernels.   When 
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retrieving  profiles,  we  choose  a  point  on  the  resolution-error  tradeoff 
curve  by  requiring  the  error  variance  to  be  less  than  (2°C)   at  each  pressure 
level. 

The  second  inversion  algorithm  we  used  was  of  the  generalized  Landweber 
type  with  an  iterated  Twomey  solution  (Strand5).  The  equivalent  Twomey 
smoothing  parameter  y  for  n  iterations  was  chosen  to  satisfy 


(2 


1/n 


DY 


(°2c/o\) 


(2) 


where  a  and  a  are  estimates  of  the  standard  deviations  of  measurement 
noise  ancl  temperature  fluctuations  about  the  a  priori  curve.  Here,  we  take 
a  =  .25  (ergs/cm2/str/cm_1/s)  and  aT  =  10.0  C. 


Data  Base 

Profile  retrievals  were  attempted  on  110  profiles  supplied  to  us  by 
NESS.   This  ensemble  has  been  described  by  Fleming  and  Smith  and  Strand  . 

Radiances  were  calculated  at  the  following  wave  numbers  (cm  *) :  668.5, 
677.0,  695.0,  708.0,  725.0,  747.0,  835.0  (window  channel  for  ground 
information),  and  535.0  (water  vapor  channel).   Gaussian  random  noise  of 
standard  deviation 
ments. 


a     =   .25  (ergs/cmVstr/cm  Vs)  was  added  to  the  measure- 


Comparison  of  Backus -Gilbert  vs  Landweber 

The  Backus-Gilbert  "delta  function"  method  and  the  Landweber  method 
were  compared  for  28  midlatitudinal  profiles.   Two  linearizations  were  used 
for  each  method  starting  from  a  midlatitudinal  belt  initial  guess.   The  rms 
errors  of  each  of  the  methods  and  the  rms  departure  of  the  true  from  the 
a  priori  standard  are  shown  in  Fig.  2.   From  the  surface  to  about  50  mb, 
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Fig.    1.    Backus-Gilbert   averaging 
kernels   and  weighting   function 
centered  at    18.0  km. 
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Fig.  2.  Comparison  of  Backus - 
Gilbert  "Delta  Function"  retrieval 
with  the  Landweber  method. 
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there  is  little  difference  in  the  accuracy  between  the  two  retrieval  methods, 
Above  this  altitude,  in  a  region  where  there  is  very  poor  coverage  by  the 
weighting  functions,  the  Landweber  method  gives  somewhat  better  results. 
This  is  presumably  due  to  the  influence  on  the  Landweber  method  of  the 
weighted  constraint  about  the  a  priori  curve.  The  overall  rms  error  for 
curves  1,  2,  and  3  are  2.98°C,  2.75°C,  and  5.66°C. 

Effect  of  Initial  Estimate 


We  will  use  the  notation  (L,I,y)  to  denote  L  linearizations,  each  with 
I  iterations,  y     of  Eq.  (2)  as  specified.  The  effect  of  the  initial 
profile  on  the  retrievals  was  studied  on  110  profiles  using  the  Landweber 
technique  with  (2,  1,  1.5  x  10" 3)  for  three  sets  of  a  priori  curves.   The 
first,  unsmoothed  a  priori,  is  the  appropriate  latitudinal  belt  of  the  U.  S. 
Standard  atmosphere;  the  initial  curves  were  smoothed  by  cubic  spline 
interpolation  through  every  ninth  level  to  yield  the  second  curve.   Finally, 
the  U.  S.  World  Wide  Standard  (W.W.S.)  was  used  for  all  retrievals  to  yield 
the  remaining  curve.  Rms  errors  of  retrievals  based  on  these  curves  are 
plotted  in  Fig.  3.  The  overall  rms  error  for  curves  1,  2,  and  3  are  2.97°C, 
3.26°C,  and  3.74°C. 


1. 00-01 


Effect  of  Linearization 

The  linearization  was  studied 
for  28  midlatitudinal  (m.l.) 
profiles  (set  2)  and  36  polar  (p) 
profiles  (set  4).   For  set  2,  using 
the  m.l.  a  priori,  we  compared 
retrievals  using  (1,  2,  1.5  x  10  3) 
with  (2,  1,  1.5  x  10"3)  to  obtain 
an  overall  rms  difference  (sample 
size  n  =  2800)  of  0.1°C  and  a  max. 
difference  of  1.2°C.   By  comparing 
these  values  with  retrieval  errors 
of  rms  =  2.8°C  and  max.  =  15.7°C, 
we  conclude  that  a  single  linear- 
ization about  a  reasonable  first 
guess  would  suffice.  A  "worst  case" 
study  of  set  4  with  W.W.S.  a  priori 
using  (1,  2,  1.5  x  10" 3)  and  (2,  1, 
1.5  x  10"3)  gave  unsatisfactory 
differences  of  rms  =  1.8°C  and  max. 
=  12.7°C.   Here  the  differences 
between  true  and  a  priori  were  rms 
=  16.5°C  and  max.  =  58.6"C.   We  then 
compared  (2,  1,  1.5  x  10" 3)  with 

(4,  1,  3.3  x  10"3)  to  obtain  differences  of  rms  =  0.5°C  and  max.  =  2.3°C  as 
compared  with  retrieval  errors  of  rms  =  4.2°C  and  max.  =  27.0°C;  thus  two 
linearizations  (as  used  in  all  retrievals  in  other  sections)  were  adequate 
in  all  cases.   Finally,  to  test  Eq.  (2),  we  compared  (1,  1,  6.25  x  10"  ) 
with  (1,  2,  1.5  x  10-3)  for  set  2  to  obtain  differences  of  rms  =  0.1°C  and 
max.  =  0.8°C. 
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Information  Content 

The  accuracy  of  retrievals  has  been  shown  to  be  dependent  on  the  initial 
guess;  the  better  the  guess,  the  better  the  retrieval.   Since  one  would 
presumably  use  the  best  available  information  as  an  initial  estimate,  the 
information  content  of  the  radiance  observations  should  be  judged  on  the 
improvement  in  accuracy  over  the  initial  guess.   In  Fig.  4  we  show  both  the 
rms  error  of  Landweber  (2,  1,  1.5  x  10  3)  and  the  rms  error  of  the 
corresponding  a  priori  estimate.   The  average  reduction  in  overall  rms  error 
over  110  profiles  is  56%  (from  6.78°C  to  2.97°C). 

Conclusions 

Our  numerical  studies  have 
indicated  that   (a)  the  Backus- 
Gilbert  "delta  function"  method 
and  the  generalized  Landweber 
method  give  similar  accuracies  in 
regions  of  good  coverage  of  the 
weighting  functions.   In  regions 
of  poor  coverage,  the  Landweber 
method  is  somewhat  better.   (b) 
Accuracy  in  retrieval  was  more 
sensitive  to  initial  guess  than 
to  either  inversion  algorithm, 
(c)  When  using  a  good  initial 
estimate  (i.e.,  one  of  four 
latitudinal  standard  atmospheres) 
the  accuracies  of  one  and  two 
linearizations  were  essentially 
the  same.   A  poor  initial  estimate 
required  two  linearizations  for 
satisfactory  results.   (d)  For 
retrieving  profiles,  the  informa- 
tion content  of  our  8  channels 
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vs  rms  errors  in  a  priori  curves. 

was  quite  modest  (56%  reduction  in  rms  error) . 
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ABSTRACT 

Temperature  profiles  measured  with  a  radiosonde  are  compared  with  returns  from  an  acoustic  ei  ho 
sounder  throughout  the  height  ranpc  50-700  m.  In  general,  the  sounder  records  indicate  the  temperature 
inversion  to  he  somewhat  lower  than  do  the  radiosonde  records.  Reasons  lor  this  apparent 
disi  repancy  and  the  ad  van  tape  of  the  sounder,  in  bring  able  to  monitor  continuously  the  inversion  slru<  lure 
ami  undulations  produced  by  wind  shear,  are  discussed.  It  was  proved  feasible  to  operate  the  acotistii 
sounder  in  a  noisy  commercial  district  with  little  detrimental  effect  on  the  ability  to  deled  atmospheric. 
temperature  structure.  It  is  concluded  from  this  preliminary  investigation  that  the  combination  of  the 
radiosonde  and  the  acoustic  echo  sounder  provides  a  much  more  valuable  tool  for  monitoring  structure  in 
the  stable  planetary  boundary  layer  than  either  device  used  alone. 


1.  Introduction 

During  the  winter  of  1971-72,  a  monostatic  acoustic 
echo  sounder  was  co-located  with  an  Environmental 
Meteorological  Support  I'nit  (EM  SI")  in  an  industrial 
region  of  Denver,  Colo.  The  data  collected  during  this 
exercise  provided  a  side-bv-side  comparison  of  radio- 
sonde and  acoustic  echo  sounder  records  during  urban 
air  pollution  episodes. 

The  potential  of  the  acoustic  sounder,  a  relatively 
new  remote  sensing  device,  for  monitoring  the  height 
and  intensitv  of  temperature  inversions,  has  been  dis- 
cussed bv  McAllister  (19o8),  McAllister  el  al.  (1969;, 
Little  (1969),  Beran  el  al.  (1972)  and  Hall  (1972). 
There  was  a  need  to  demonstrate  that  the  sounder 
could  detect,  under  operational  conditions,  the  same 
inversion  structure  that  is  measured  by  a  standard 
radiosonde  unit.  In  addition,  it  was  desirable  to  prove 
that  the  device  could  operate  effectively  in  spite  of  the 
ambient  background  noise  found  in  large  cities. 

In  principle,  the  acoustic  echo  sounder  operates  much 
like  sonar,  with  an  audible  sound  pulse  being  sent  into 
the  atmosphere.  Echoes  are  caused  by  variations  in  the 
acoustic  refractive  index.  In  acoustics,  the  relevant  re- 
fractive index  variations  are  associated  with  fluctuations 
of  both  temperature  and  wind  measured  at  a  scale  of 
one-half  of  the  transmitted  wavelength. 

Detailed  discussions  of  the  scattering  of  a  sound  wave 
in  the  atmosphere  are  given  by  Tatarskii  (1961), 
Kallistratova  (1961),  Monin  (1962),  Little  (1969)  and 
Tatarskii  (1971).  Sound  energy  that  is  directly  back- 


scattered  (180°  from  the  direction  of  the  incident  wave) 
is  sol  eh  the  result  of  temperature  fluctuations  in  the 
scattering  volume.  Acoustic  energy  scattered  in  all 
other  directions  (except  at  9  1°  to  the  incident  beam, 
where  no  scattering  occurs)  is  the  result  of  the  combined 
effect  of  wind  and  temperature  fluctuations. 

This  angular  dependence  of  the  scattering  mechanism 
is  of  paramount  importance  to  the  operation  of  a 
sounder.  For  a  monostatic  configuration  (co-located 
transmitter  and  receiver;  scattering  angle  of  180°),  one 
observes  echoes  that  depict  the  temperature  structure 
constant  Ct  in  the  atmosphere.  With  neutral  static 
stability,  Ct  values  are  very  low,  and  the  scattered 
energy  will  be  undetected.  If  a  facsimile  recorder  is 
used  to  display  the  echo  intensity,  where  each  sweep 
of  the  recorder  corresponds  to  the  time  required  for  a 
single  sound  pulse  to  traverse  the  region  of  interest, 
the  record  will  be  white  when  no  echoes  are  received. 
As  the  lapse  rate  changes  from  adiabatic  (either  more 
stable  or  less  stable),  any  mechanical  turbulence  in  the 
air  will  create  small-scale-  temperature  eddies  capable 
of  backscattering  some  of  the  incident  sound,  and  the 
facsimile  record  will  be  darkened  in  proportion  to  the 
strength  of  the  turbulence.  The  monostatic  sounder, 
therefore,  gives  an  indication  of  each  change  in  lapse 
rate  or  dvnamic  stability  along  the  path  of  a  trans- 
mitted sound  pulse,  producing  a  record  with  a  striking 
amount  of  contrast  and  showing  considerable  detail 
related  to  the  thermal  structure. 

For  applications  where  the  height  and  distribution 
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of  inversion  layers  are  important,  as  in  air  pollution 
monitoring  the  monostatic  system  serves  adequately. 
However,  it  should  be  noted  that  the  echo  intensity 
produced  by  temperature  fluctuations  alone  is  fre- 
quently much  lower  than  that  received  with  a  bistatic 
system.  This  can  be  important  for  wind  measurements 
since  velocity  fluctuations  can  provide  the  strong,  con- 
tinuous signals  required  for  I  >oppler  sensing  techniques. 
The  potential  of  an  a<  oustic  sounder  as  a  monitor  of 
meteorological  conditions  which  may  lead  to  adverse 
pollution,  is  demonstrated  by  Fig.  1  (Benin  el  al.,  1972), 
which  shows  a  24-hr  facsimile  record  taken  by  an 
acoustic  sounder  located  about  50  km  northwest  of 
Denver  on  13  and  14  April  1971.  Despite  the  distance 
between  the  sounder  and  Denver,  the  mesoscale 
meteorological  events  leading  to  an  air  pollution 
"alert"  in  that  city  arc  clearly  shown.  From  the  be- 
ginning of  the  record,  1700  until  2000  MST  on  the 
1.4th,  we  see  a  rather  featureless  picture  with  no  evi- 
dence of  a  strong  surface  inversion.  Following  2000,  the 
increasing  thickness  of  ihe  black  portion  of  the  record 
indicates  a  deepening  surface-based  inversion,  un- 
doubtedly the  result  of  radiational  cooling  of  the  ground. 
Just  before  0300  on  the  14th,  evidence  of  a  second  layer 
appears  at  higher  levels.  This  is  interpreted  as  a  sub- 
sidence inversion  which  is  lowering,  and  thereby  in- 
tensifying the  surface  inversion,  a  process  that  was 
complete  by  08J0  on  the  14th.  Radiosonde  data  shown 
in  Fig.  2,  taken  at  Denver,  support  this  interpretation; 
the  sounding  at  1700  on  the  13th  shows  an  inversion  at 
700  mb  (~  1500  m  above  the  surface),  which  has  lowered 
to  800  mb  (~500  m  above  the  surface)  by  0500  on  the 
14th.  The  comparison  between  Denver's  radiosonde 
and  the  acoustic  record  is  meant  only  to  convey  the 
general  synoptic  pattern  and  should  not  be  taken  as 
proof  of  the  height  of  a  given  layer.  The  solid  dark 
region  of  the  record,  reaching  up  to  heights  of  300  m 
between  0800  and  1100  on  the  14th,  indicates  a  ver\ 
strong  surface-based  inversion  that  produced  an  air 
pollution  alert  in  Denver. 


After  1100,  surface  heating  starts  to  break  up  tin- 
inversion.  Note  the  change  from  predominant l\  hori- 
zontally stratified  layers  to  vertical  structure.  This  is 
characteristic  of  the  pattern  associated  with  a  transition 
from  stable  to  unstable  lapse  rates.  By  1200  the  ap- 
pearance of  the  record  has  completely  changed;  the  in- 
version is  seen  to  have  dissipated,  and  2  hr  later  the 
air  pollution  alert  was  removed. 

If  this  type  of  information  had  been  available  in  real 
time  the  forecaster  could  have  monitored  the  events 
as  they  developed;  he  might  have  given  an  earlier 
warning  of  the  impending  pollution  conditions.  The 
knowledge  of  the  inversion  breaking  up  and  the  removal 
of  the  alert  might  also  have'  been  moved  up  by  as  much 
as  2  hr. 

2.  The  experiment 

Having  observed  the  case  des<  ribed  above,  we  dci  ided 
to  make  further  controlled  tests  of  the  acoustic  system 
at  the  Denver  Environmental  Meteorological  Support 
Unit  (EMSU)  site.  This  site  is  located  ~200  m  south 
of  Interstate  Highway  70  and  100  m  east  of  a  railroad 
switching  area.  The  Platte  River,  an  important  con- 
trolling feature  in  the  distribution  of  effluent  in  the 
Denver  area  (Riehl  and  Herkhof,  1972),  runs  nearly 
parallel  to  the  rail  lines  next  to  the  FvMSU  site. 

Locating  the  acoustic  sounder  at  the  EMSU  site 
provided  an  excellent  opportunity  to  test  the  system 
in  a  high  background  noise  environment  (iraflic  noise 
from  both  the  highway  and  the  railroad  was  at  times 
above  70  dBA1).  In  addition,  the  acoustic  records  could 
be  compared  with  the  profiles  provided  b\  the  EMSU 
radiosonde,  launched  twice  jut  da\  at  around  0700 
and  1200  MST. 

The  sounder  used  for  this  exercise  was  of  the  simplest 
tvpe,  consisting  of  an  audio  oscillator  and  power 
amplifier,  a  control  unit  for  timing,  a  single  vertically 
pointing  antenna  operated  in  the  monostatic  mode,  a 
receiving  amplifier,  and  a  facsimile  recorder  (Wescott 
el  a!.,  1970).  The  sounder  was  placed  in  operation  in 
earlv  December  1971  and  ran  on  a  nearly  continuous 
basis  throughout  the  entire  winter  air  pollution  season, 
through  March  1972.  During  this  time  data  on  two 
stagnation  episodes  were  taken  and  the  inversion  height 
measurements  from  the  radiosonde  and  sounder  were 
compared  on  a  daily  basis. 

3.  Comparison  of  radiosonde  and  sounder  records 

First  we  examine  a  few  cases  that  compare  the  in- 
formation derived  from  a  radiosonde  with  that  in- 
ferred from  the  acoustic  sounder  record;  the  dark  and 
light  portions  of  the  facsimile  record  enable  a  pattern 
recognition  type  of  analysis.  Based  on  the  lapse  rates 
measured  by  the  radiosonde,  the  cases  fall  into  one  ol  two 

1  dBA  refers  to  the  fre<|ue.n<  y  response1  i  urve  of  standard  sound 
level  meters  designed  lo  approximate  the  frefiueno  response  of 
the  human  ear  (Bragdon,  1971). 
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general  categories:  strong  surface  based  inversions,  and 
elevated  inversions  with  less  stable  air  below. 

Fig.  3  is  an  example  of  the  first  category,  a  strong 
ground-based  inversion.  The  format  of  Fig.  3  shows  the 
sounder  record  starting  when  the  balloon  was  released 
and  continuing  for  20-30 min.  The  radiosonde  tempera- 
ture trace  for  this  time  is  on  the  right.  The  winds,  as 
measured  by  optically  tracking  the  radiosonde,  arc- 
indicated  by  the  small  arrows  at  the  readout  heights, 
giving  the  wind  direction  with  reference  to  north  (the 
top  of  the  figure)  and  the  speed  (m  sec-1)  shown  next 
to  each  arrow.  The  sounder  record  in  Fig.  3  is  typical 
of  a  strong  inversion,  with  the  ver\  dark  echoes  ex- 
tending from  the  ground  up  to  the  break  point  where 
isothermal  conditions  start.  Even  though  the  sounder 
and  radiosonde  were  separated  by  only  a  few  tens  of 
meters,  it  is  still  difficult  to  draw  a  one-to-one  com- 
parison between  the  height  of  a  particular  inflection  as 
shown  b\  the  two  methods.  This  is  because  the  balloon- 
borne  radiosonde  provides  only  a  single  temperature 
profile,  while  the  sounder  effectively  gives  a  continuous 
temperature  structure  profile  every  4  sec.  "Where  did 
the  balloon  go  through  a  particular  feature?"  is  im- 
portant and  difficult  to  answer,  especially,  as  will  be 
shown  later,  when  the  inversion  or  structure  of  interest 
is  undulatorx .  Despite  this  difficulty,  the  sounder  record 
in  Fig.  3  indicates  the  presence  of  more  than  one  layer 
(note  the  variation  in  the  darkness  of  the  returns).  The 
radiosonde  does  show  one  small  break  at  about  200  m, 
which  suggests  the  layers  seen  in  the  sounder  record. 

In  a  previous  section,  we  stated  that  a  monostatic 
sounder  would  see  only  fluctuations  in  refractive  index 
structure    due    to    small-scale    temperature    changes. 
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Fir..  3.  Acouslk  sounder  record  floft  ">  compared  with  radiosonde 
temperature  and  wind  profile  (right)  showing  the  pattern  typical 
of  a  strong  ground-based  temperature  inversion.  The  arrows 
represent  wind  direction  (north  is  the  top  of  the  page)  and  speed 
(in  sec-1}. 
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Fig.  4.  Acoustic  sounder  record  (left)  compared  with  radiosonde 
temperature  and  wind  profile  (right)  showing  the  pattern  typical 
of  a  moderately  strong  inversion  containing  gravity  waves. 


While  this  is  indeed  true,  it  should  not  be  concluded 
that  wind  shear  is  an  unimportant  influence  on  the 
sounder  record.  Wyngaard  el  al.  (1971)  have  shown 
that  the  temperature  fluctuations  that  produce  the 
acoustic  echoes  are  a  function  of  Richardson's  number, 
or  the  ratio  of  buoyancy  to  the  square  of  the  wind 
shear.  Because  of  the  shear  term  in  the  denominator, 
the  darkness  of  an  acoustic  record  ma\  be  closely  re- 
lated to  the  dynamic  instability  as  well  as  to  the  static 
instability. 

The  production  of  gravity  waves,  or  larger  scale 
boundary  layer  features,  is  also  related  to  wind  shear. 
An  example  of  this  type  of  wavy  structure  is  shown  in 
Fig.  4.  Again  there  is  a  rather  strong,  surface-based  in- 
version, but  in  this  case,  a  moderate  wind  shear  is 
present  at  about  21)0  m.  Patterns  of  this  type  vividly 
display  the  difficulty  of  using  a  single  profile  to  deter- 
mine the  inversion  depth.  During  the  half-hour  period 
shown  in  Fig.  4,  the  maximum  depth  of  the  inversion 
varies  by  nearly  15!)  m,  a  factor  that  could  lead  to 
considerable  error  in  predicting  the  time  of  inversion 
breakup  if  conventional  forecast  methods  are  used. 

The  second  general  category  of  cases,  inversions  aloft, 
is  typified  by  the  record  shown  in  Fig.  5.  Here  we  see 
a  rather  diffuse  pattern  of  returns,  extending  from  about 
100  m  up  to  450m,  with  no  distinct  horizontal  last-ring 
that  can  be  identified  as  a  contiguous  top  of  the  in- 
version. The  radiosonde,  on  the  other  hand,  shows  a 
very  sharply  defined  break  in  the  temperature  profile 
between  350  and  4!)()  m.  Although  this  is  near  the  toy) 
of  the  diffuse  echo  region  shown  In  the  sounder,  the 
radiosonde  does  not  show  the  full  complexity  of  the 
structure.  Again,  wind  shear  across  the  apparent 
boundary  is  responsible  lor  wave  motions,  vestiges  of 
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whit  li  i  an  Ik-  soon  near  4').)  in,  ahoul  1  i  min  a.ter  the 
radiosonde  launt  h  time. 

A  second  example  of  an  elevated  inversion,  but  at  a 
later  stage  of  development,  is  shown  in  I  -  i  l;  .  (>.  In  this 
ease,  surface  heating  has  progressed  to  where  the 
lowest  levels  are  approaching  instabilitv  and  echoes 
from  small  thermal  plumes  are  starting  to  appear  at  the 
bottom  uf  ihi'  record.  Note  that  the  sharp  inversion 
appearing  on  the  temperature  trace  at  300  m  is  evident 
in  the  acoustic  records  as  an  oscillating  dark  hand. 

During  the  period  of  operation  P'  cases  were  selected 
where  the  inversion  height  measured  l>\  the  radiosonde 
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was  compared  with  that  hum  the  acoustic  sounder. 
A  scatter  diagram  comparing  these  two  heights  ap- 
pears in  I'ig.  7.  The  lack  of  a  one-tonne  agreement 
could  result  from  an\  of  several  reasons.  First,  as 
pointed  out  earlier,  it  is  ver\  difficult  to  determine 
exactly  which  part  of  an  oscillating  inversion  surface 
has  been  penetrated  b\  the  radiosonde.  This  factor 
could  account  for  the  rather  large  scatter  oi  some  of  the 
points  in  I'ig.  7,  A  second  factor  thai  contributes  to 
the  presence  ol  a  systcmatit  bias  error  (the  radiosonde 
Ivpicallv  shows  the  inversion  lo  be  higher  than  the 
acoustic  sounder)  is  the  assumption  of  a  constant  speed 
oi  sound  based  on  surface  temperature  when  staling 
the  acoustic  records.  For  example,  i;  the  speed  ol  sound 
were  assumed  lo  be  M5  m  sc<  '  (as  would  be  the  case 
for  a  temperature  of  —  FK"),  and  the  tempera  I  urc  aloft 
was  oC,  the  speed  oi  sound  would  be  too  lnw  b\ 
In  in  sec  '.  This  factor  would  cause  onh  about  a  3f'/( 
error  and  would  nol  arcouul  for  the  total  observed 
bias.  In  more  detailed  anal\sis  this  error  could  be 
eliminated  b\  using  an  acoustic  propagation  speed 
derived  from  vertical  temperature  profiles. 

It  should  also  be  recognized  that  the  radiosonde 
heights  are  subject  to  error  due  to  the  inherent  lag  in 
the  pressure  sensor  and  the  possibiliu  ol  an  incorrect 
assumption  of  rise  rate  or  pressure  surface  (Middleton 
and  Spilhaus,  F'5.i).  Inversion  height  errors  of  several 
tens  of  meters  can  result  from  the  tempi  rat  urc  and 
pressure  sensor  lags  a^  a  radiosonde  passes  through  a 
sharp  change  in  temperature  gradient.  A  previous  study 
(Emmanuel  el  at.,  1972)  demonstrated  that  the  height 
ui  inversions  as  measured  b\  a  fixed  tower  compared 
well  with  the  height  determined  from  the  acoustic 
sounder.  This  further  suggests  that  the  source  "I  the 
bias  error  observed  during  this  experiment  is  the 
radiosonde  data. 
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10  20  30 

Minutes  from  Release 


lie.  0.  Acoustic  sounder  ret  orrl  (led)  i  nmpa  red  with  radiosonde 
temperature  and  wind  profile  (I'itfhlJ  showint;  the  pattern  typical 
of  the  later  stages  of  an  elevated  inversion  with  waves. 
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4.  A  pollution  episode 

.  Two  pollution  episodes  occurred  during  the  experi- 
ment. One  began  on  23  December  1971  and  lasted  for 
less  than  24  hr.  The  second  started  on  14  January  1972 
and  was  of  much  longer  duration,  lasting  until  around 
noon  on  the  17th.  This  period  covered  a  weekend  when 
the  E.MSr  radiosondes  were  not  launched;  however, 
the  rather  long  duration  and  striking  manner  in  which 
the  low-level  thermal  structure  was  displayed  by  the 
sounder  make  this  case  worth  some  discussion. 

Nearly  70  hr  of  continuous  sounder  record  taken 
between  1601)  on  14  January  and  1430  on  17  January 
1072  are  shown  in  Fig.  8.  Two  EMSU  radiosonde  sound- 
ings were  taken  on  Monday,  the  17th;  these  tempera- 
ture and  humidity  traces  along  with  the  low-level 
winds  are  superimposed  on  the  sounder  record  at  0700 
and  12  10.  (The  black  bands  at  these  times  are  caused 
by  electronic  interference  during  the  radiosonde  base- 
lining  procedure.)  Radiosonde  temperature  and  winds 
taken  b\  the  National  Weather  Service  at  Stapleton 
Airport,  some  8  km  east  of  the  sounder  site,  were 
available  during  the  weekend  and  are  also  shown 
in  Irig.  8.  The  greater  distance  between  the  Stapleton 
radiosondes  and  the  sounder  eliminates  the  possibility 
of  a  one-to-one  comparison  of  the  inversion  height,  but 
they  do  indicate  the  general  thermal  structure  over  the 
city  during  the  episode. 

The  record  in  Fig.  8  shows  that  the  episode  was 
characterized  during  the  first  day  by  an  elevated  in- 
version forming  a  cap  that  varied  in  height  from  2iK)  to 
400  m.  The  1700  Stapleton  radiosonde  taken  on  14 
January  shows  this  elevated  layer  to  be  higher  than 
that  observed  at  the  EMSU  site.  The  second  Stapleton 
profile  contained  a  break  in  the  temperature  profiles  at 
a  level  above  the  sounder's  range,  but  did  not  indicate 
a  thermal  structure  that  would  have  produced  t he- 
strong  echoes  at  around  300  m  seen  by  the  sounder. 
It  is  possible  that  this  layer  was  not  present  at  the 
higher  airport  site,  between  1000  and  19)0  on  15 
January,  the  acoustic  echo  became  vers  weak  with  only 
subtle  vestiges  of  the  layered  structure  that  appeared  in 
the  Stapleton  profile.  This  lack  of  strong  echoes  is 
attributed  to  an  accumulation  of  snow  in  the  acoustic 
antenna,  a  problem  that  has  since  been  solved  by 
heating  that  parabolic  antenna  during  wintertime 
operation.  Later,  during  the  night  of  15-16  January, 
the  echo  intensity  became  very  strong  with  many 
horizontal  layers  in  evidence.  This  structure  eventually 
evolves  into  a  steep  surface-based  radiation  inversion, 
as  depicted  by  the  Stapleton  sounding  at  0500  MST 
16  January.  At  G9.')0  on  the  loth,  we  see  evidence  of 
some  surface  heating,  which  begins  to  lilt  the  strong 
inversion  laser.  This  heating  was  not  intense  enough 
to  break  the  inversion  or  to  dissipate  the  accumulated 
pollutants. 

Again  on  the  night  of  1(>-17  January  the  radiative 
cooling    reestablished    the    strong    surfaced-based    in- 


version, responsible  for  the  very  dark  echoes  that  last 
until  the  morning  hours  of  the  17th.  Both  the  Stapleton 
sounding  (0500  MST  17  January),  and  the  morning 
EMSU  sounding  show  the  very  strong  surface-based 
inversion.  Finally  at  around  0930  on  the  17th,  we  see 
the  first  indication  of  the  impending  inversion  breakup. 
At  this  time,  there  is  evidence  of  surface  heating  (the 
echo  layer  is  lifting)  and  a  rather  long  period,  large- 
amplitude  wave  is  present.  H\  1200  the  inversion  laser 
can  be  seen  to  deteriorate  significant  Is  and  b\  1230  the 
typical  thermal  plume  pattern,  indicating  conveclive 
activity  with  no  capping  inversion,  marks  the  end  of 
the  pollution  episode. 

5.  Conclusions  and  recommendations 

The  limited  objective  of  this  experiment  was  to 
place  a  simple  monostalic  acoustic  echo  sounder  in  an 
urban  environment  near  standard  instrumentation  in 
determine  1)  if  it  was  feasible  to  operate  this  type  of 
system  in  the  noise  environment  characteristic  ol  an 
urban  area,  and  2)  it  the  acoustic  records  would  indicate' 
the  depth  and  intensity  of  inversion  measured  by  ac- 
cepted standard  methods.  It  was  our  earlier  theoretical 
prediction  that  nearlv  continuous  records  can  be 
obtained  in  a  noisy  city  b\  taking  precautions  with 
acoustic  shielding  to  reduce  antenna  side  lobes  (Sim- 
mons e!  al.,  1971 ).  Judging  from  the  records  taken  at  the 
Denver  site,  this  prediction  was  confirmed,  since 
background  noise  was  only  occasionally  intense  enough 
to  obliterate  the  acoustic  returns,  and  efficient  opera- 
tion was  possible  during  more  than  99%  of  the  time. 
The  small  amount  of  time  when  noise  would  ruin  a 
record  is  insignificant  when  the  usable  record  length 
is  compared  with  the  observing  time  of  a  radiosonde 
which  gives  only  a  brief  look  at  the  thermal  structure, 
normally  only  twice  per  day. 

Our  data  show  that  an  exact  one-to-one  comparison 
of  inversion  height  was  not  always  possible.  The  reason 
for  this  can  be  attributed  in  part  to  the  nature  of  the 
radiosonde  and  its  quick,  one-time  look,  while  the 
acoustic  sounder  continually  monitors  the  oscillation 
in  the  inversion  height.  It  is  vers  difficult  to  determine 
the  exact  time  and  position  of  the  radiosonde  as  it 
penetrates  an  inversion  surface,  making  a  comparison 
of  the  sounder  record  and  radiosonde  trace,  at  best, 
subjective. 

The  measured  heights  also  showed  a  bias  toward 
higher  values  for  the  radiosonde  data.  This  error  is  most 
probably  due  to  the  inherent  lag  of  the  radiosonde 
temperature  and  pressure  sensors.  A  second,  but  smaller 
error,  could  be  introduced  by  the  assumption  of  a 
constant  speed  of  sound  through  an  atmosphere  having 
a  varying  temperature. 

The  comparison  could  also  be  affected  simply  because 
the  thermal  structure  measured  by  a  radiosonde  does 
not  indicate  all  of  the  parameters  involved  in  producing 
acoustic  scattering.  Indeed,  a  much  more  valid  compari- 
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son  could  be  made  to  Richardson's  number  (Emmanuel 
el  al.,  1972),  which  has  been  shown  to  be  directly  re- 
lated to  the  structure  constant  CV  for  temperature 
fluctuations  (Wyngaard  el  al.,  1971).  This  type  of 
comparison  was  not  made  because  the  rather  gross  scale 
of  the  radiosonde  winds  and  temperature  would  not 
relate  well  to  the  tine  scale  shown  in  the  sounder 
records.  This  is  not  to  suggest  that  research  along  this 
line  would  be  unfruitful.  The  value  of  monitoring  a 
stability  parameter  like  Richardson's  number  on  a 
continual  basis  could  lead  to  new  insight  into  the 
mechanism  and  evolution  of  boundan  layer  inversion 
dynamics. 

When  compared  with  most  other  meteorological 
instruments,  the  acoustic  sounder  is  in  its  infancy; 
we  have  much  to  learn  about  optimum  methods 
for  applying  this  new  method  of  collecting  data.  One 
needs  little  imagination,  however,  to  see  ways  of  apply- 
ing the  device  as  a  research  tool  in  solving  problems 
relating  to  urban  air  pollution.  This  is  especially  true 
if  the  Dopplcr  wind  measuring  capability  is  added  to  the 
system  (Benin  el  al.,  1971;  Ik-ran  and  Clifford,  1972). 
An  acoustic  system,  involving  onlv  slightly  more  com- 
plexity, could  measure  a  profile  of  the  vertical  velocity, 
in  addition  to  the  inversion  depth.  A  three-axis  acoustic 
system,  with  two  tilted  antennas  and  Dopplcr  receivers, 
can  measure  a  vertical  profile  of  the  total  wind  vector 
to  heights  of  1  km.  These  more  sophisticated  systems 
should  prove  valuable  in  a  study  such  as  that  reported 
by  Riehl  and  Herkhof  ( 1972 )  and  would  make  it  possible 
to  measure  the  turbulent  transport  of  pollutants,  a 
term  that  could  only  be  estimated  in  Riehl  and 
Herkhof's  work. 

Operational  applications  of  the  sounder  also  appear 
highly  feasible.  It  can  be  argued  that  sounder  records 
give  only  a  qualitative  estimate  of  the  inversion 
strength;  the  records,  therefore,  are  only  good  for  use 
in  conjunction  with  standard  temperature  profiling 
techniques.  This  is  true  if  taken  in  the  context  of  pres- 
ently used  boundary  layer  models,  where  forecasts  of 
inversion  breakup  times  are  based  on  the  amount  of 
heating  required  to  remove  the  stable  part  of  the 
profile.  This  argument  loses  sight  of  the  fact  that  the 
sounder  presents  an  entirely  new  view  of  the  boundary 
layer  structure  on  a  time  scale  that  has  never  before 
been  available. 

The  relatively  few  records  taken  to  date  already 
demonstrate  that  it  is  a  simple  matter  to  identify 
and  categorize  stable  and  unstable  conditions.  This 
same  method  of  pattern  recognition  may  also  enable 
using  sounder  records  to  forecast  inversion  breakup  a 
few  hours  before  it  occurs.  In  the  earlier  discussion  of 
the  January  pollution  episode,  we  mentioned  that 
the  first  indication  of  the  impending  inversion  breakup 
was  visible  some  2-3  hr  prior  to  the  actual  occurrence. 
This  prediction  was  based  on  the  observation  that  an 
ascending  layer  having  a  long-period,  large-amplitude 
wave  was  visible  in  the  sounder  record  prior  to  breakup. 


A  thorough  study  has  not  yet  been  made;  however, 
examination  of  the  few  cases  that  are  available  seems  to 
indicate  that  the  inversion  breakup  is  preceded  by 
long-period  wave  motion  in  the  boundary  laver. 
Although  it  is  nothing  more  then  speculation  at  present, 
a  study  of  the  connection  between  such  wave  motions 
and  the  dynamic  instability  of  the  boundary  laver  may 
lead  to  the  identification  oi  a  useful  precursor  of  in- 
version breakup.  The  success  of  this  type  of  approach 
could  lead  to  the  development  of  new  forecasting 
techniques  based  solely  on  acoustic  sounder  records. 
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OBSERVATIONS   OF  VELOCITY  FIELDS  AMD  VELOCITY  SPECTRA 
IN  THE  CONNECTIVE  BOUNDABY   LAYER  USING  A  DUAL-DOPPLER  RADAR  SYSTEM 

A.  S.  Frisch  and  R.  B.  Chadwick 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1 .     INTRODUCTION 

Knowledge  of  the  velocity  field  in  the 
convective  boundary  layer  can  be  useful  for  such 
things  as  predicting  pollutant  diffusion  and 
understanding  dynamics  of  the  boundary  layer. 
During  August  1972,  the  Wave  Propagation  Labor- 
atory carried  out  a  large  scale  field  experi- 
ment near  Haswell,  Colorado,  in  which  many 
remote  sensing  devices  were  operated  simulta- 
neously near  a  152  m  meteorological  tower.   This 
paper  presents  the  results  of  observations  in  a 
convective  boundary  layer  using  a  dual-Doppler 
radar  system.   This  system  was  used  to  determine 
the  velocity  field  over  an  area  of  approximately 
5x5  km  to  a  depth  of  approximately  1  km  by  using 
chaff  as  an  air  motion  tracer. 


2. 


MEASUREMENT  AND  ANALYSIS  TECHNIQUES 


Some  results  of  three-dimensional  air 
motion  by  dual-Doppler  radar  have  been  presented 
by  Frisch  et  al.  (197U),  Miller  and  Frank  (197*0, 
and  Kropfli  and  Miller  (197U).   This  work  used 
the  COPLAN  method  originated  by  Lhermitte  and 
Miller  (1970)  and  Miller  (1972).   The  techniques 
used  for  the  total  three-dimensional  wind  field 
measurements  will  only  be  summarized  here.  An 
extensive  discussion  can  be  found  in  Miller  and 
Strauch  ( 197*0. 

To  obtain  velocity  estimates  of  the  air 
motion,  each  radar  needs  targets  that  follow 
the  air  motion  reasonably  well.   These  targets 
can  be  chaff  (a  reflective  coated  mylar  filament 
cut  to  l/2  wavelength)  or  precipitation.   Since 
the  targets  move  randomly  within  the  radar  pulse 
volume,  the  return  signal  fluctuates  in  both 
phase  and  amplitude.   This  signal  is  converted 
to  a  spectrum  of  the  velocity  component  parallel 
to  the  radar  beam  axis. 

This  spectrum  is  weighted  by  the  back- 
scattering  cross  section  of  the  particles  moving 
at  a  particular  velocity  within  the  pulse  volume. 
The  weighted  average  of  the  velocity  spectrum 
is  the  mean  radial  velocity  of  the  particles 
in  the  pulse  volume. 

In  the  Wave  Propagation  Laboratory's 
system,  the  radars  are  scanned  in  a  series  of 
tilted  planes.   The  measured  velocities  in  each 
plane  are  combined  to  provide  the  two-dimensional 
particle  motion  vector  field.   The  particle  fall 
velocity  component  in  each  plane  is  subtracted 
to  give  the  vector  air  motion  field.   The  third 
component  is  calculated,  normal  to  each  plane, 
by  integrating  the  equation  of  continuity  and 
assuming  the  third  component  to  be  zero  at  the 


ground.   Since  the  resulting  velocity  field  is 
in  cylindrical  coordinates,  the  velocity  field 
is  transformed  into  the  more  useful  Cartesian 
coordinate  system,  with  two  of  the  axes  parallel 
to  the  ground. 

Spatial  spectra  of  the  velocity  fields  were 
calculated  with  the  maximum  entropy  spectral 
analysis  technique  because,  for  short  data  samples, 
it  provides  better  spectral  estimates  than  classi- 
cal methods  (Burg,  1967;  LaCoss,  1971;  Markel, 
1972;  Ulrych,  1973;  Chen  and  Stegen,  197*0 .  Gen- 
erally, better  frequency  resolution  is  obtained 
by  increasing  the  length  of  the  data  sample. 
However,  in  the  case  under  consideration  here, 
the  length  of  data  is  determined  by  the  size 
of  the  area  covered  with  chaff  and  is  not  under 
control  of  the  experimenter;  thus  the  resolution 
can  not  be  increased  in  the  conventional  way. 
Because  of  this,  the  maximum  entropy  spectral 
analysis  was  used  to  obtain  good  resolution. 

The  maximum  entropy  spectral  analysis 
relies  on  the  fact  that  the  estimated  autocor- 
relation function  can  be  extended  in  a  manner 
other  than  the  conventional  extension  by  zeros. 
The  extension  is  such  that  the  entropy  (in  the 
information  theory  sense)  of  the  data  having  the 
extended  autocorrelation  is  maximized.   The  con- 
straint that  the  extended  autocorrelation  must 
agree  with  the  estimated  autocorrelation  function 
over  its  range  is  also  imposed.   It  is  important 
to  note  here  that  the  extension  of  the  auto- 
correlation function  in  the  maximum  entropy  man- 
ner is  not  equivalent  to  manufacturing  new  data 
any  more  than  the  more  conventional  methods  of 
estimating  spectra  which  require  that  the  auto- 
correlation function  be  extended  by  zeros.   The 
maximum  entropy  technique  does  provide  a  logical, 
systematic  method  of  making  nonzero  extensions 
of  the  autocorrelation  function. 

The  extension  in  the  maximum  entropy  man- 
ner is  actually  indirect  and  is  never  explicitly 
calculated.  What  is  calculated  is  a  time  domain 
filter  that  will  "whiten"  the  data.   That  is, 
a  filter  that  will  transform  the  data  signal 
into  a  signal  with  a  spectrum  that  is  constant 
with  frequency.   It  is  clear  that  the  reciprocal 
of  the  power  transfer  function  of  this  filter  is 
proportional  to  the  power  spectrum  of  the  data 
signal. 

Dual-Doppler  radar  data  were  processed  so 
that  spatial  autocorrelation  functions  of  the  2 
horizontal  components  of  wind  were  obtained.   These 
estimates  were  then  used  in  the  maximum  entropy 
spectral  algorithm  to  obtain  estimates  of  the 
spatial  spectra  of  the  wind  components.   Some 
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inconsistencies  were  noted  and  farther  study- 
indicated  that  the  method  was  extremely  sensi- 
tive to  the  validity  of  the  estimated  auto- 
correlation function.   The  details  of  this  are 
discussed  by  Chadwick  (197'+)  where  it  is 
demonstrated  that  one  must  continually  check 
the  validity  of  the  estimated  autocorrelation 
function.  An  algorithm  to  check  the  validity 
was  developed  and  it  became  clear  that  the  data 
could  be  tapered  in  an  unconventional  way  to 
improve  the  stability  of  the  maximum  entropy 
technique.   This  technique  will  be  reported 
in  the  near  future  (Strand  and  Chadwick,  1975). 
All  of  the  spectra  contained  in  this  paper 
this  "tapered"  version  of  the  maximum  entropy 
technique. 

3.     EXPERIMENT  AND  RESULTS 

The  1S2  m  tower  near  Haswell,  Colorado, 
was  the  site  for  the  measurement  program  and 
radar  positions  relative  to  this  tower  are 
shown  in  Fig.  1.   The  radar  chaff  (aluminum 
coated  mylar  fibers — 1-1/2  cm  long  and  0.0025 
cm  in  diameter)  were  dispersed  from  an  airplane 
at  about  1230  MDT  on  10  August  1972.  As  soon 
as  the  chaff  had  diffused  enough  to  fill  most 
of  dual-Doppler  scan  volume,  radar  data  were 
taken. 


Tower 


Location  of  Radars  A  and  B  relative 
to  the  150m  Tower 


Fig.  1.   Location  of  the  radar  relative  to 

the  152  m  meteorological  tower.   The 
measurement  area  was  approximately 
5x5  km  adjacent  to  and  north  of  the 
tower . 

3.1    Velocit.y  Fields 

Velocity  fields  are  displayed  by  pro- 
jecting each  vector  into  sets  of  planes,  with 
the  volume  averaged  velocity  removed  to  show 
more  detail  in  the  velocity  structure.   Figs. 
2  and  3  show  the  velocity  vectors  projected 
into  a  series  of  horizontal  planes.   Starting 
at  z  =  100  m,  the  horizontal  field  diverges 
over  most  of  the  area  measured.   As  z  increases, 
a  more  organized  vortex-like  pattern  emerges. 
This  is  particularly  apparent  at  z  =  600  m, 
where  the  vortices  are  approximately  2  km  in 
diameter. 


Fig.  2.   Projections  of  the  velocity  vectors  on 
a  series  of  horizontal  planes.   The 
volume-averaged  wind  (5  m/sec)  has 
been  removed.   The  volume-averaged 
wind  is  in  the  x-direction. 

Figs.  1+  and  5  are  projections  of  the 
velocity  vector  in  planes- approximately  parallel 
to  the  volume-averaged  wind.   In  the  plane  y  = 
-  900  m  (Fig. 5  ),  two  downdraft  regions  approxi- 
mately 3-5  km  apart  are  apparent,  with  vertical 
components  slightly  less  than  1  m/sec.  Adjacent 
to  the  left  hand  region  of  downward  moving  air 
is  upward  moving  air.   The  magnitude  of  this 
updraft  is  somewhat  less  than  that  of  the  down- 
draft.   This  feature  is  coherent  through  planes 
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Fig.  h.      Projections  of  the  velocity  vectors  on 
vertical  planes  parallel  to  the  volume- 
averaged  wind.   The  volume-averaged  wind 
has  been  removed  from  each  vector.   The 
y  scale  gives  the  relative  location  of 
each  plane . 


Fig.  3-   Projections  of  the  velocity  vectors  in 
a  series  of  horizontal  planes.   The 
volume-averaged  wind  (5  m/sec)  has  been 
removed.   The  volume -averaged  wind  is 
in  the  x-direction. 

y  =  -  600  m  and  y  =  -  300  m,  with  some  rotation- 
al features  appearing  in  these  latter  two  planes. 
These  rotational  features  appear  between  x  = 
5^00  m  to  x  =  7200  m  and  z  =  800  m  to  z  =  1200 
m  in  the  y  =  -  600  m  plane.  Another  rotating 
feature  can  be  partially  seen  in  the  y  =  0  plane 
at  z  =  0  to  z  =  700  m  for  x  >  6300  m.  At  y  = 
-  300  m  this  rotation  is  even  more  apparent  and 
this  type  of  motion  can  oe  traced  to  the  y  =  600 
m  plane  (Fig.  h) . 


Fig.  5-   Projections  of  the  velocity  vectors  on 
vertical  planes  parallel  to  the  volume- 
averaged  wind.   The  volume-averaged  wind 
has  been  removed  from  each  vector.   The 
y  scale  gives  the  relative  location  of 
each  plane. 

Figs.  6  and  7  show  the  projections  of  the 
velocity  vectors  onto  vertical  planes  perpendic- 
ular to  the  volume-averaged  mean  wind.   In  the 
planes  between  x  =  3300  m  (Fig.  7)  and  x  =  5100 
m  (Fig.  6),  distinct  updraft  and  downdraft 
regions  appear.   These  extend  from  the  lowest 
plane,  z  =  100  m,  to  a  height  of  z  =  800  m.  The 
updrafts  are  approximately  2  km  apart  in  the  y 
direction.   At  x  =  U200  -m,  a  rotary  motion  is 
evident  from  y  =  0  m  to  y  =  2100  m  and  z  =  300 
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?ig.  6.   Projections  of  the  velocity  vectors  on 
vertical  planes  perpendicular  to  the 
direction  of  the  volume-averaged  wind. 
The  volume-averaged  component  of  wind 
has  been  removed  from  each  vector.   The 
x  scale  gives  the  relative  location  of 
each  plane. 


-2400    0   .2400 


The  velocity  spectra  of  wind  components 
parallel  and  perpendicular  to  the  volume -averaged 
wind  direction  show  most  of  their  energy  to  be  at 
scales  comparable  to  the  vortex  scales.   Fig.  8 
shows  the  u,  or  along  wind  spectrum,  for  600  m 
height  in  the  x  or  cross  wind  direction.   This  is 
plotted  as  fP(f)  vs.  logf,  where  P(f)  is  the 
spatial  spectral  density  and  f  is  the  spatial 
frequency  or  wavenumber. 

These  spectra  show  two  peaks ,  one  at  2 
km,  and  one  at  5  km.   Similarly,  the  spectra 
of  the  v  component  (w,x)  along  the  x  direction 
at  600  m  has  a  peak  at  3-0  km. 

In  the  y  direction,  the  u  spectrum  has 
one  major  peak  at  3-5  km  with  a  smaller  peak  at 
1.8  km.   The  v  spectrum  in  this  direction  (Fig. 
8)  has  a  peak  at  5  km,  and  a  smaller  one  at 
2  km. 

The  apparent  shift  in  these  peaks  with 
components  and  direction  may  be  due  to  the  fact 
that  the  spectra  are  calculated  from  a  very 
limited  sample  of  the  atmosphere,  since  the  chaff 
was  dispensed  over  an  area  of  approximately  5x5 
km,  and  the  dominant  wavelengths  appear  to  be 
somewhat  between  2-3  km  with  another  one  at  5 
km.   In  Fig.  3  at  z  =  600  m,  there  are  vortex- 
like motions  with  scale  sizes  of  2  km  to  2.5 
km,  which  would  give  a  corresponding  wavelength 
of  h   to  5  km.   One  of  the  vortices  appears  to 
have  a  smaller  size,  approximately  1200  m.  and 
this  could  account  for  some  of  the  spectral 
energy  at  2.U  km. 

k.  SUMMARY  AND  CONCLUSION 

The  use  of  chaff  as  an  air  motion  tracer 
for  a  dual-Doppler  radar  system  has  revealed 
large  scale  motions  in  a  convective  boundary 
layer.   Near  the  ground  (100  m),  only  a  divergent 
feature  appeared  in  the  horizontal  plane.  At 
500  m  height,  the  motion  was  rotary,  showing 
distinct  counterrotating  vortices,  with  diameters 
of  about  2  km.   The  projections  of  the  velocity 
vectors  into  vertical  planes  also  showed  a 
vortex-like  motion,  with  a  vertical  scale  of 
1  km  and  the  maximum  vertical  velocities  on 
the  order  of  1  m/sec.   The  horizontal  compo- 
nents of  velocity  spectra  at  600  m  showed 
definite  peaks  between  2  and  5  km  both  along 
and  across  wind. 
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OBSERVATIONS    OF    BOUNDARY-LAYER    CONVECTION    CELLS 
MEASURED  BY  DUAL-DOPPLER  RADAR  AND  ECHOSONDE, 
AND  BY  MICROBAROGRAPH  ARRAY 
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(Received  in  final  form  30  September,  1975) 

Abstract.  Three-dimensional  air  motion,  observed  with  radar  in  a  convective  planetary  boundary 
layer  under  light  wind  conditions,  is  organized  in  cellular  structures  scaled  from  2  to  5  km;  simul- 
taneous acoustic  cchosonde  measurements  indicate  that  near  the  ground  there  are  smaller  cells  than 
those  observable  by  the  radar.  At  heights  of  400  in,  cell  scales  become  as  large  as  those  observable  by 
the  radar.  Pressure  fluctuations  at  the  ground  measured  with  spatial  pressure  transducers,  at  the  same 
time  as  the  radar  and  echosonde  observations,  traveled  at  the  same  speed  and  direction  as  the  radar 
volume-averaged  wind.  The  length  scale  determined  at  the  ground  with  pressure  fluctuation  data  was 
between  1.2  and  2.4  km,  smaller  than  the  largest  radar-measured  motion  scales. 


1.  Introduction 

Measurements  of  the  wind  field  in  the  planetary  boundary  layer  can  help  us  determine 
diffusion  properties,  length  scales  that  contain  maximum  energy  (and  thus  knowledge 
as  to  how  energy  is  input),  and  the  nature  of  atmospheric  motions. 

The  way  the  energy  is  distributed  in  the  boundary  layer  depends  on  the  type  of 
atmospheric  motion  which  in  turn  depends  on  atmospheric  properties  such  as  wind 
speed  and  temperature  gradient.  For  example,  when  Woodcock  (1942)  observed  the 
soaring  habits  of  gulls  over  the  ocean,  he  found  their  patterns  dependent  upon  the 
temperature  difference  between  the  air  and  ocean-surface  temperature  and  the  horizon- 
tal wind  speed.  At  low  wind  speeds,  the  soaring  was  circular,  changing  to  line  soaring 
at  high  wind  speeds.  The  circular  soaring  indicated  presence  of  large  convection  cells 
at  lower  wind  speeds. 

Taylor  (1958)  observed  that  near  the  ground  during  day-time  convection,  there  was 
evidence  of  organized  thermal  structures  extending  vertically  for  several  metres  super- 
imposed on  a  background  of  random  disturbances.  Vulf'son  (1961)  considered  these 
small  thermals  as  jets  and  with  a  statistical  model,  he  inferred  the  average  diameter 
to  be  on  the  order  of  50  to  100  m  to  heights  of  3  km.  Telford  and  Warner  (1964) 
examined  how  the  vertical  temperature  flux  was  carried  by  eddies  much  smaller  than 
the  thermals  which  were  the  obvious  feature  of  the  temperature  records.  However,  the 
importance  of  these  smaller  eddies  in  the  transport  of  temperature  fluctuations  de- 
creased with  height.  In  a  later  paper,  Warner  and  Telford  (1967)  found  temperature 
pulse  widths  to  be  about  300  m  in  diameter  below  a  height  of  3  km.  While  these  dia- 
meters were  at  variance  with  Vulf  son's  observed  diameters,  lapse  rale  data  were  not 
available  to  compare  the  effects  of  thermal  stability  between  the  two  sets  of  observa- 
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tions.  The  lapse  rate  has  a  particularly  important  effect  on  the  diameters  at  low  levels 
as  shown  by  Frisch  and  Businger  (1973).  High-power  radar  observations  by  Hardy  and 
Ottersten  (1969)  and  by  Konrad  (1970)  showed  convection  cells  originating  several 
hundred  metres  above  the  surface  with  disorganized  returns  having  scale  sizes  between 
100  and  200  m  in  diameter  near  the  surface,  increa>ing  to  well-developed  cell  structures 
1  to  3  km  in  diameter  at  height-,  of  over  a  kilometer.  With  an  instrumented  aircraft, 
Lenschow  (1970)  found  convection  scales  800  m  in  diameter.  With  wind  shear  present, 
the  types  of  motion  can  change  dramatically.  For  example,  LeMone  ( 1 973)  found  two- 
dimensional  horizontal  roll  vortices  2  km  wide  in  the  convective  boundary  layer  when 
the  wind  speed  was  in  excess  of  7ms"'. 

Our  calculations  use  data  from  a  dual-Doppl  :r  radar  system,  an  acoustic  echosonde, 
and  a  microbarograph  array  to  describe  features  ol~  the  convective  boundary  layer. 
The  Doppler  radar  system  determined  the  thre.-di  nensional  wind  fields  over  a  hori- 
zontal area  of  5  x  5  km2  to  a  height  of  1  km.  Chaff  wa^  used  as  an  air  motion  tracer. 
The  echosonde  was  used  to  infer  the  spatial  seal  :s  of  the  fluctuations  of  temperature 
variance  observed  in  the  convective  boundary  layer,  for  comparison  with  the  velocity 
spatial  scales  observed  by  the  dual-Doppler  radar  system.  The  micro-barograph  array 
gave  the  size,  direction,  and  speed  of  pressure  disturbances  at  the  ground. 

2.  Measurement  and  Analysis  Techniques 

2.1.    DUAL-DOPPLER  RADAR. 

This  work  used  the  COPLAIN  scanning  method  originated  by  Lhermitte  and  Miller 
(1970).  The  dual-Doppler  techniques  used  for  the  total  three-dimensional  wind  field 
measurements  are  summarized  here;  a  comprehensive  discussion  of  them  can  be 
found  in  Miller  and  Strauch  (1974). 

To  obtain  velocity  estimates  of  the  air  motion,  each  radar  needs  targets  that  follow 
the  air  motion.  These  targets  can  be  chaff  (a  reflective  coated  mylar  filament  cut  lo  \ 
wavelength)  or  precipitation.  Since  the  targjts  move  randomly,  the  return  signal 
fluctuates  in  both  phase  and  amplitude.  Th;  -ignal  is  converted  to  a  spectrum  of  the 
velocity  component  parallel  to  the  beam  axis  of  each  radar.  The  spectrum  is  weighted 
by  the  backscattering  cross-section  of  the  particles  moving  at  each  particular  velocity 
within  the  pulse  volume.  The  weighted  average  of  this  velocity  spectrum  is  the  mean 
radial  velocity  of  the  particle: .  We  obtain  the  true  air  motion  by  combining  radar 
radial  velocity  measurements  with  the  equation  of  ma~s  continuity  and  an  independent 
estimate  of  the  mean  terminal  fall  velocity  of  the  radar  targets.  Such  determinations 
of  three-dimemional  air  motion  by  dual-Doppler  radar  have  been  presented  by  Frisch 
et  al.  (1974),  Miller  and  Frank  (1974),  and  Kropfli  and  Miller  (1974). 

We  calculate  the  spatial  spectra  of  the  velocity  fields  with  the  maximum  entropy 
spectral  analysis  technique  because,  for  shut  data  samples,  it  provides  spectral 
estimates  with  higher  resolution  at  a  given  confindence  level  than  classical  methods  do 
(Burg,  1967;  LaCoss,  1971;  Markel,  1972;  Ulryc'i,  1972;  Chen  and  Stegen,  1974). 
In  many  problem1-,  better  frequency  resolution  can  be  achieved  by  increasing  the 
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length  of  the  data  sample.  However,  in  our  case  the  length  of  the  data  sample  is 
determined  by  the  size  of  the  area  covered  with  chaff,  which  is  not  under  the  complete 
control  of  the  experimenter. 

When  we  first  calculated  spectra  from  the  dual-Doppler  radar  data,  using  the  con- 
ventional maximum  entropy  technique  described  by  Burg  (1967),  th?  limited  sample 
size  introduced  large  errors  into  the  estimates  of  the  autocorrelation  functions.  Such 
errors  can  make  the  function  mathematically  inadmissible.  Under  certain  conditions 
the  inadmissible  autocorrelation  functions  caused  invalid  peaks  in  the  maximum 
entropy  spectrum  that  could  easily  lead  to  a  complete  misinterpretation  of  the  spectra. 
Therefore,  a  more  general  algorithm  was  developed  that  safeguards  against  these 
errors.  This  algorithm  tapers  the  possible  inadmissible  estimate  of  the  correlation 
function  in  an  unconventional  manner  that  causes  it  to  be  admissible.  This  allows  use 
of  more  lags  in  the  autocorrelation  function  for  a  given  data  sample  size.  This  new 
processing  procedure  is  described  by  Strand  and  Chadwick  (1975).  All  spectra  in  this 
study  were  calculated  with  this  'tapered'  version  of  the  maximum  entropy  technique. 

2.2.  Echosondi; 

The  theory  of  acoustic  sounding  has  been  discussed  by  Little  (1969)  and  its  potential 
uses  described  by  Beran  and  Hall  (1973).  An  echosonde  system  similar  to  the  one  used 
in  this  experiment  has  been  described  by  Owens  (1974).  The  echosonde  was  operated 
in  a  direct  vertical  backscatter  mode.  The  intensity  of  the  backscattered  acoustic  waves 
may  be  calculated  as  a  function  of  the  magnitude  of  the  fluctuations  in  the  refractive 
i  ndex  of  the  medium  if  it  is  assumed  that  the  fluctuations  result  from  siotropic 
t  urbulence.  The  theory  of  interactions  of  sound  waves  with  the  turbulent  atmosphere 
has  been  investigated  by  many  authors  (e.g.,  Tatarski,  1961).  In  the  direct  backscatter 
mode,  the  scattering  cross-section  is  a  function  only  of  Cp,  which  depends  on  the 
turbulent  kinetic  energy  dissipation  rate,  e,  and  on  the  rate  of  destruction  of  tempera- 
ture fluctuations.  Such  actions  between  acoustic  waves  and  the  atmosphere  have  been 
used  to  investigate  atmospheric  phenomena  such  as  gravity  waves  and  plumes  (Bean 
et  al,  1973;  Emmanuel  et  al,  1972;  Hooke  et  al,  1973;  Wyckoff  et  al,  1973;  Frisch 
and  Clifford,  1974;  Kjelaas  et  al.,  1975).  When  the  boundary  layer  is  unstable,  the 
echosonde  shows  large  values  of  Cp  intermittent  in  time  and  coherent  from  a  height 
of  about  50  m  to  a  few  hundred  metres.  These  have  been  associated  with  plumes  or 
families  of  plumes  that  are  generated  in  the  surface  layer  and  carried  aloft  by  some 
scale  of  motions  larger  than  the  plumes,  as  suggested  by  LeMone  (1973)  and  Kjelaas 
and  Ochs(1974). 

2.3.    MlCROBAROGRAPH  ARRAY 

The  microbarograph  used  in  this  study  (Cook  and  Bedard,  1971)  consisted  of  a 
variable-capacitance  differential  pressure  sensor  in  conjunction  with  an  acoustic  high- 
pass  filter.  This  instrument  measures  pressure  fluctuations  with  periods  from  1  to 
1000  s  and  has  a  noise  level  of  10"3  ^bar.  The  data  from  a  triangular  array  of  micro- 
barographs  spaced  about  300  m  apart  were  used  to  determine  thecorrelation  distance, 

28 


279 


A.  S.  FRISCH  ET  AL. 


speed,  and  direction  of  arrival  of  pressure  fluctuations  at  the  ground.  This  was  done 
by  'steering'  the  array  beam;  i.e.,  by  systematically  varying  the  phase  relationships 
between  different  sensors  (see  Gossard  and  Hooke,  1975,  pp.  337-341).  For  the  analysis 
of  our  pressure  data,  we  used  Young's  algorithm  for  digital  array  processing  (Young 
and  Hoyle,  1975).  The  technique  has  been  described  by  Kjelaas  et  al.  (1975)  who  used 
it  to  study  a  storm-generated  system  of  gravity  waves. 

3.  Experiment  and  Results 

A  site  near  Haswell,  Colorado,  was  the  location  of  the  measurement  program.  We 
determined  the  average  value  of  the  Richardson  number  from  measurements  on  a 
1 52-m  tower  and  from  a  laser  triangle  located  2  m  above  the  ground  (Kjelaas  and 
Ochs,  1974).  The  tower  and  laser  triangle  were  in  the  vicinity  of  the  echosonde  and 
microbarograph  array.  Radar  targets,  consisting  of  aluminium  coated  mylar  rods 
\-\  cm  in  length  and  0.0025  cm  in  diameter,  were  dispersed  from  an  airplane  at  about 
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Fig.  1.     Projections  of  the  velocity  vectors  in  a  series  of  horizontal  planes.  The  volume-averaged 
wind  (5ms1  in  the  negative  jr-dircction)  has  been  removed.  Dimensions  are  in  metres. 
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Fig.  2.     Projections  of  the  velocity  vectors  in  a  series  of  horizontal  planes.  The  volume-averaged 
wind  (5  m  s1  in  the  negative  jr-direction)  has  been  removed.  Dimensions  are  in  metres. 


1230  MDT  on  10  August  1972.  As  soon  as  the  chaff  had  diffused  enough  to  fill  a 
significant  volume  (after  a  tine  of  about  25  min),  radar  data  were  taken  in  conjunction 
with  data  from  the  acoustic  echo  sounder  and  microbarograph  array.  The  wind  speed 
was  about  5ms"1  from  the  SE,  and  the  Richardson  number,  measured  between  33 
and  2  m,  was  —2. 

3.1.  Velocity  fields 

The  mean  wind  velocity  was  obtained  by  averaging  all  of  the  radar  velocity  measure- 
ments in  the  scan  volume  (about  5  km  x  5  km  x  1  km).  Velocity  fields  are  displayed  by 
projecting  the  vector  field  onto  sets  of  orthogonal  planes:  one  set  parallel  to  the  ground, 
and  two  vertical  sets  parallel  and  perpendicular  to  the  volume-averaged  wind  direc- 
tion. To  display  more  detail  in  the  velocity  field,  the  volume-averaged  velocity  was 
removed  from  each  velocity  vector  to  obtain  a  fluctuation  field.  The  errors  in  the 
estimate  of  these  fluctuations  are  less  than  4  cm  s-1  in  the  horizontal  and  less  than 
15  cm  s"1  in  the  vertical. 
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Figures  1  and  2  show  the  velocity  vectors  projected  onto  a  series  of  horizontal 
planes.  The  data  are  plotted  in  a  coordinate  system  whose  origin  is  the  center  of  the 
baseline  joining  the  radars.  The  x-axis  is  horizontal  and  perpendicular  to  the  baseline. 
The  z-axis  is  vertical.  At  2—  100  m,  the  horizontal  field  diverges  over  most  of  the  area 
measured.  As  z  increases,  an  organized  rotational  pattern  in  the  velocity  fluctuation 
field  emerges.  This  is  especially  apparent  at  r  =  600  m,  where  two  complete  vortices 
and  a  third  incomplete  vortex  may  be  seen  within  the  chaff  cloud.  The  largest  has  a 
diameter  between  2.5  and  3.0  km  and  the  smallest  has  a  diameter  of  about  1.2  km. 

Figures  3  and  4  are  projections  of  the  velocity  vectors  onto  planes  approximately 
parallel  to  the  volume-averaged  wind.  In  the  plane  y=  —900  m  (Figure  3),  convective 
cellular  structure  is  apparent,  with  two  downdraft  regions  approximately  3.5  km  apart 
having  vertical  velocities  slightly  less  than  1  m  s_1.  Adjacent  to  the  left-hand  region 
of  downward  moving  air  is  upward  moving  air.  The  magnitude  of  this  updraft  is 
somewhat  less  than  that  of  the  downdraft.  This  feature  is  coherent  through  all  planes 
between  y=  —600  and  600  m.  In  Figure  4  some  closed  vortices  are  to  be  seen  in  the 
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Fig.  3.     Projections  of  the  velocity  vectors  on  vertical  planes  parallel  to  the  volume-average  wind. 
The  volume-averaged  wind  has  been  removed  from  each  vector.  The /scale  gives  the  relative  location 
of  each  plane.  Dimensions  are  in  metres. 
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Fig.  4.     Projections  of  the  velocity  vectors  on  vertical  planes  parallel  to  the  volume-averaged  wind. 

The  volume-averaged  wind  has  been  removed  from  each  vector.  The  y  scale  gives  the  relative  location 

of  each  plane.  Dimensions  are  in  metres. 


plane  y=  -600  m  between  x=5400  m  and  x  =  7200  m  from  z  =  800  mto:=  1200  m. 
Part  of  another  rotating  feature  can  be  seen  in  the  y  =  0  plane  at  z  =  0  to  z  =  700  m  for 
jc>6300  m.  At  >>  =  —300  m  this  rotation  is  even  more  apparent  and  this  type  of  motion 
can  be  traced  to  the  _y  =  900  m  plane. 

Figures  5  and  6  show  the  projections  of  the  velocity  vectors  in  vertical  planes  per- 
pendicular to  the  volume-averaged  wind.  Between  the  planes  x  =  3300m  (Figure  5) 
and  x  =  5100  m  (Figure  6),  one  can  again  see  a  cellular  structure  with  distinct  updraft 
and  downdraft  regions.  The  cells  extend  from  the  lowest  plane,  z—  100  m,  to  a  height 
of  z  — 800  m.  Their  scale  in  the  y  direction  is  approximately  2  km.  A  portion  of  this 
cell  can  be  seen  at  x  =  4200  m,  where  a  rotary  motion  starts  to  appear  from  y  =  0  to 
2100  m  and  from  z  =  300  to  700  m.  This  motion  is  coherent  through  x  =  6000  m  before 
it  disappears  at  jc  =  6300  m.  In  addition,  at  .v  =  4800  m,  part  of  another  cellular-like 
structure  appears  with  the  motion  field  counter-rotating  relative  to  the  other  cell. 
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3.2.  Velocity  spectra 

Spatial  power  spectra  of  velocity  give  the  distribution  of  kinetic  energy  density  as  a 
function  of  wavelength.  Such  spectra  have  been  estimated  from  velocity  measurements 
obtained  from  instrumented  towers  or  aircraft  (e.g.,  Lumley  and  Panofsky,  1964; 
Panofsky,  1973;  Pasquill,  1972).  Because  the  Doppler  radar  measurements  yield  a 
three-dimensional  velocity  field  over  a  volume  of  the  planetary  boundary  layer,  it  is 
possible  to  calculate  estimates  of  the  spatial  velocity  spectra  within  that  volume. 
Comparing  these  spectra  with  spectral  estimates  found  by  other  techniques  under 
similar  atmospheric  conditions,  we  can  judge  the  genreality  of  our  observations.  We 
chose  the  horizontal  plane  600  m  above  the  ground  for  analysis  and  calculated  the 
spectra  of  the  orthogonal  velocity  components  w,  v  (Figure  7).  We  calculated  spectral 
estimates  of  only  the  u  and  v  components,  since  they  are  much  less  sensitive  to  errors 
in  the  integration  of  the  equation  of  continuity  than  the  vertical  component  (Miller 
and  Strauch,  1974).  The  results  are  shown  as  k(j)au  x(k),  etc.,  vs  logA:,  where  k  is  the 
wavenumber  in  the  x  direction  (depending  on  the  subscript  after  the  comma  in  </>). 
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Fig.  5.     Projections  of  the  velocity  vectors  on  vertical  planes  perpendicular  to  the  direction  of  the 

volume-averaged  wind.  The  volume-averaged  wind  has  been  removed  from  each  vector.  The  x-scale 

gives  the  relative  location  of  each  plane.  Dimensions  are  in  metres. 
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Fig.  6.     Projections  of  the  velocity  vectors  on  vertical  planes  perpendicular  to  the  direction  of  the 

volume-averaged  wind.  The  volume-averaged  wind  has  been  removed  from  each  vector.  The  A-scale 

gives  the  relative  location  of  each  plane.  Dimensions  are  in  metres. 


The  spectrum  of  the  u  component  in  thex  direction  show-,  two  peaks,  one  at  an  approx- 
imate wavelength  of  5  km,  and  the  other  at  2  km.  Examining  trn  z  =  600-m  plane  in 
Figure  2,  one  can  see  parts  of  three  counter-rotating  features.  In  the  smaller  cell, 
located  at  x  =  6000  m  and  y  =  0,  the  u  component  reverses  itself  in  a  distance  of  1  km, 
which  corresponds  to  a  wavelength  of  2  km.  Considering  the  features  centered  at 
.y  =  4000  m  and  j>  =  0,  the  m  component  reverses  itself  in  a  little  over  2.5  km  which  would 
give  a  wavelength  of  5  km,  corre:  ponding  to  the  second  peak  in  the  (j>UUtX(k)  spectrum. 
The  v  component  spsctrum  appears  to  behave  in  a  similar  manner  in  the  x  direction 
although  the  spectral  peaks  are  shifted  toward  longer  wavelengths  compared  to  the  w 
spectral  peaks.  The  spectra  of  the  u  component  in  the  y  direction  show  a  major  peak 
at  Tightly  greater  than  3  km  with  a  smaller  one  slightly  under  2  km.  Again  looking  at 
the  velocity  field  projection  in  Figure  2  at  600  m,  the  it  component  in  the  larger  cell 
reveres  itself  within  about  1.5  km  in  the  y  direction  and  about  1  km  in  the  smaller 
cell.  These  correspond  to  scale  sizes  of  3  and  2  km,  respectively.  Similarly,  the  v 
spectrum  in  the  y  direction  has  peaks  at  5  and  2  km,  associated  with  scales  appearing 
in  Figure  2. 
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Fig.  7.     Wavenumber  vs.  wavenumber  spectra  for  the  components  perpendicular  and  parallel  to  the 
mean  wind.  (Here  the  mean  wind  (v  component)  is  in  the  Y  direction.) 


3.3.    ECHOSONDE  DATA 

The  echosonde  was  located  at  approximately  a- =  8000  m  and  j>  =  300  m  in  the  radar 
coordinate  system  in  which  the  origin  is  at  the  center  of  the  radar  baseline.  The  x-axis 
is  horizontal  and  perpendicular  to  the  baseline.  Figure  8  shows  the  echosonde  facsimile 
record  for  a  time  interval  that  includes  that  of  the  dual-Doppler  radar  observations. 
The  darker  the  record,  the  stronger  the  backscattered  signal.  Thus  the  plot  displays 
echo  strength  as  a  function  of  time  and  height.  It  shows  the  acoustic  intensity  increasing 
and  then  decreasing  over  periods  of  a  few  minutes  except  near  the  ground  (<  100  m) 
where  the  intensity  is  more  continuous.  Near  the  ground  the  periods  are  shorter. 
Furthermore,  the  larger  values  of  C2r  seem  to  la.-.t  longer  than  do  weak  values  of  CT. 
Since  there  is  an  updraft  in  the  convective  boundary  layer  less  than  50°^  of  the  time. 
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Fig.  8.     Acoustic  backscattcred  intensity  vs  time  and  height. 

(Frisch  and  Businger,  1973),  either  some  of  the  temperature  fluctuations  causing  the 
large  acoustic  echoes  are  in  part  of  the  downward  moving  air,  or  the  angular  resolu- 
tion of  the  acoustic  beam  is  insufficient  to  separate  the  structure  in  the  lower  part  of 
the  records. 

Higher  in  the  boundary  layer,  acoustic  Doppler  measurements  have  indicated  that 
most  of  the  larger  values  of  Cp  are  associated  with  upward  moving  air  (Beran  et  al., 
1971 ).  Unfortunately,  the  chaff  did  not  fill  the  region  above  the  echosonde  (as  can  be 
seen  in  Figure  I,  recalling  the  fact  that  the  echosonde  was  at  a- =  8000  m  and  y=  —300 
m).  Thus  it  is  not  possible  to  compare  directly  the  echosonde  data  with  the  radar 
measurements.  Adopting  Taylor's  hypothesis  using  5  m  s_1  as  the  mean  wind  speed, 
one  can  see  that  near  the  ground  the  fluctuations  of  C\  are  of  much  smaller  scale  than 
the  distances  between  upd rafts  in  the  radar  data.  The  radars  can  only  resolve  features 
larger  than  300  m,  and  thus  may  be  filtering  out  the  smaller  scales  resolved  by  the 
echosonde. 

At  approximately  400  m,  the  echosonde  record  shows  two  very  strong  echoes  at 
1300  and  1318  MDT  (rouhly  the  time  of  the  Doppler  radar  measurements).  Again 
using  Taylor's  hypothesis,  the  separation  distance  is  roughly  5  km  -  comparable  to 
the  distance  between  updrafts  observed  by  Doppler  radar.  Although  these  are  only 
two  events,  a  similar  scale  was  observed  by  Fitzjarrald  (1975)  using  more  echosonde 
data  and  longer  time  intervals.  The  similarity  of  the  updraft  separation  distances  to 
the  separation  distances  between  the  large  values  of  C\  indicates  that  the  large-scale 
updrafts  may  be  important  in  transporting  the  temperature  fluctuations  upward  above 
the  surface  layer,  as  suggested  by  LeMone  (1973)  and  Kjelaas  and  Ochs  (1974). 

3.4.    MlCROBAROGRAPIl  ARRAY 

Because  of  high  noise  in  the  pressure  data  and  because  the  chaff  volume  was  not  over 
the  array  (located  near  the  echosonde),  it  was  not  possible  to  compare  the  pressure 
fluctuations  directly  with  patterns  seen  in  the  radar  data.  Using  cross  spectrum  analysis 
to  process  the  micro-barograph  array  data,  we  found  that  most  of  the  energy  of 
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coherent  pressure  fluctuations  was  in  a  frequency  band  between  8.8  xlO-4  and 
4.7  x  10-3  Hz.  The  propagation  velocity  of  these  coherent  fluctuations  was  the  same 
as  the  radar  volume-averaged  wind.  The  corresponding  scales  of  the  pressure  distur- 
bances were  between  1.2  and  2.4  km,  i.e.,  in  the  same  range  as  one  of  the  spectral 
peaks  of  <j>uu,x{k).  However,  at  lower  frequencies  (longer  wavelengths)  the  spectral 
estimates  were  unusable  because  of  contamination  by  contributions  due  to  power  line 
fluctuations. 

4.  Discussion  and  Conclusions 

The  observations  we  have  described  show  the  kinematic  structure  of  convection  cells 
in  the  boundary  layer.  The  maximum  kinetic  energy  in  the  residual  velocity  field  in  a 
horizontal  plane  600  m  above  the  ground  was  at  scales  between  2  and  5  km,  with 
slightly  more  energy  in  the  along-wind  component  than  in  the  transverse  component. 
Pennell  and  LeMone  (1974)  found  that  most  of  the  momentum  flux  in  the  unstable 
trade-wind  boundary  layer  over  the  ocean  occurred  at  scales  between  800  m  and  10 
km,  with  two  peaks  at  800  m  and  6  km,  comparable  to  the  peaks  in  our  spectral  data 
(Figure  7).  During  BOMEX,  Grossman  (1973)  observed  similar  scales  in  the  u  and  v 
spectra  with  peaks  occurring  in  the  2  to  3  km  wavelength  range.  The  echosonde  data 
indicate  that  near  the  ground,  scales  smaller  than  the  radar  grid  resolution  are  im- 
portant, with  a  transition  to  the  dominance  of  the  larger  scale  motion  as  the  height 
above  the  ground  increases.  This  is  in  agreement  with  observations  of  Telford  and 
Warner  (1954)  showing  that  near  the  ground,  small  scales  are  important  in  transferring 
temperature  fluctuations  vertically,  with  larger  scales  becoming  more  important  with- 
increasing  height. 

The  surface  pressure  data  indicate  that  there  is  at  least  one  scale  size  in  the  range 
between  1.2  and  2.4  km  that  propagates  at  the  same  speed  and  direction  as  the  wind 
velocity  averaged  over  the  first  kilometre  of  the  atmosphere.  We  cannot  say  with 
certainty  from  the  present  data  whether  or  not  the  velocity  features  revealed  by  the 
Doppler  radar  are  correlated  with  the  pressure  fluctuations  at  the  ground. 

Comparison  of  our  spectral  results  with  those  of  other  investigators  (Grossman, 
1973;  Pennell  and  LeMone,  1974)  suggests  that  the  velocity  patterns  or  structures  in 
the  unstable  boundary  layer  may  be  similar  over  the  ocean  and  over  land. 
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ABSTRACT 

Simultaneous  atmospheric  acoustic  echo  sounding  and  Doppler  radar  measurements  were  used  to  study 
some  of  the  characteristics  of  an  unstable  boundary  layer  capped  by  an  inversion.  The  resultant  set  of 
observations  shows  that  the  turbulent  energy  dissipation  rate  was  constant  with  height  up  through  the 
inversion  layer.  Since  production  from  buoyancy  and  shear  were  found  to  be  negligible  in  the  upper  part 
of  the  convective  layer,  the  turbulent  energy  must  be  supplied  by  energy  flux  convergence.  The  stress  at  the 
top  of  the  momentum  layer  was  estimated  to  be  approximately  2.5  dyn  cm-2,  assuming  the  energy  flux 
divergence  term  was  small  above  the  inversion.  In  addition,  the  height  where  the  downward  heat  flux  above 
the  inversion  went  to  zero  and  the  height  where  the  shearing  stress  went  to  zero  were  different.  For  the 
case  analyzed  in  this  paper,  the  apparent  height  at  which  the  heat  flux  went  to  zero  was  0.6  times  the  height 
where  the  shearing  stress  became  zero. 


1.  Introduction 

Meteorological  measurements  needed  to  study  the 
dynamics  of  a  heated  atmospheric  boundary  layer, 
capped  by  a  stably  stratified  or  neutral  atmosphere, 
are  not  easily  acquired.  Wind  speed  and  direction  are 
usually  obtained  from  a  meteorological  tower,  by  air- 
craft, or  by  tracking  a  balloon.  The  measurement  of 
various  turbulence  quantities  such  as  stress,  buoyancy 
production,  and  turbulent  dissipation  rate  require  so- 
phisticated instrumentation  and  platforms.  .Most  sen- 
sors yield  only  time  series  of  point  measurements; 
consequently,  the  interpretations  of  these  measure- 
ments are  limited  by  the  nonstationarity  of  the  atmo- 
sphere. Even  more  importantly,  in  situ  techniques  lack 
the  spatial  sampling  capability  and  overall  flexibility 
characteristic  of  remote  sensors. 

The  two  atmospheric  remote  sensing  techniques  used 
in  this  case  study  were  atmospheric  acoustic  echo 
sounding  and  meteorological  Doppler  radar.  Using 
these  techniques  simultaneously,  we  were  able  to  mea- 
sure the  turbulent  dissipation  rate,  the  vertical  wind 
profile,  and  to  locate  regions  of  production  and  dissipa- 
tion of  turbulent  temperature  eddies.  With  these  data 
we  were  able  to  infer  the  relative  importance  of  the 
transport  of  turbulent  kinetic  energy  and  pressure 
fluctuations,  and  the  stress  across  the  top  of  the  in- 
version layer.  The  utility  of  these  remote  sensors  in  this 
work  arises  from  two  facts :  1)  the  intensity  of  the  back- 
scattered  acoustic  signal  is  proportional  to  C't2,  where 
CT2=Nt-'*,   and   2)    the   first   moment   of   the   back- 


*  In  this  expression  N  is  the  rate  of  destruction  of  the  turbulent 
temperature    fluctuations.    Under    stationary    and    horizontally 


scattered  Doppler  radar  signals  is  a  function  of  the 
mean  wind  field  and,  under  conditions  to  be  specified, 
the  second  moment  is  a  function  of  the  turbulent  dissi- 
pation rate. 

Some  of  these  parameters  appear  in  the  turbulent 
kinetic  energy  equation  [Eq.  (1)],  and  if  they  are 
known  we  can  deduce  the  relative  importance  of  various 
terms  in  this  equation  using  the  acoustic  sounder  and 
Doppler  radar  measurements.  The  turbulent  kinetic 
energy  equation  may  be  written  as 


de     <c3  dV      g dw'(e+p'/p) 

--= +-w'9'+- 

di      p    dz      T  dz 


5=0, 


(1) 


I 


II 


III 


IV 


where  S=u\-\-v)-\-wk  is  the  wind  vector,  p'  pressure, 
ts  shearing  stress,  p  air  density,  6  potential  temperature, 
w  vertical  velocity,  g  gravity,  and  z  the  height  coordi- 
nate. The  overbar  indicates  a  time  average  and  primes 

homogeneous  conditions,  N  may  be  expressed  as 

—!-r,dB     dw'd'2 
A  =  — tti'0'- 


<K 


[for  a  more  complete  discussion  see  Tatarski  (1961)].  In  the  first 
term  on  the  right-hand  side  w'd'  is  the  vertical  flux  of  potential 
temperature  («/  is  the  fluctuation  in  vertical  velocity  and  6'  is 
the  potential  temperature  fluctuation)  and  dd/dz  is  the  vertical 
gradient  of  the  mean  potential  temperature.  The  second  term  on 
the  right-hand  side  is  the  vertical  transport  of  the  temperature 
variance.  In  the  surface  layer  (usually  the  first  few  tens  of  meters 
above  the  ground),  the  first  term  on  the  right-hand  side  is  domi- 
nant compared  to  the  second  term  (YVyngaard  and  Cotd,  1971). 
However,  above  the  surface  layer,  this  term  may  become  signifi- 
cant (Lenschow,  1970).  This  will  be  discussed  in  more  detail  as 
we  examine  the  data  for  our  case. 
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denote  deviations  from  that  average.  We  have  assumed 
that  the  turbulence  is  stationary  in  time  and  is  hori- 
zontally homogeneous.  The  terms  are  defined  as  follows : 
I  is  called  the  "shear  production  term";  II  is  the  buoy- 
ancy production  term;  III  represents  the  divergence 
of  (i)  the  vertical  kinetic  energy  flux  given  by  e 
=  \(u'2-{-v'2-\-w'2),  and  (ii)  the  vertical  flux  of  pressure 
fluctuations;  and  IV  is  the  turbulent  dissipation  rate, 
i.e.,  the  rate  at  which  turbulent  energy  is  lost  through 
molecular  viscosity  (see,  e.g.,  Lumley  and  Panofskv, 
1964). 

2.  The  Doppler  technique 

The  measurement  of  the  turbulent  dissipation  rate 
using  Doppler  radar  has  been  described  by  Gorelik  and 
Mel'nichuk  (1963,  1968).  This  technique  uses  the  fact 
that  the  width  and  shape  of  the  Doppler  spectrum  is  de- 
termined by  the  distribution  of  radial  velocities  of  the 
scatterers  in  the  pulse  volume.  They  show  that  spectral 
width  is  influenced  by  the  finite  beam  width,  wind 
shear,  distribution  of  fall  velocities  of  the  scatterers 
and  bv  turbulence.  If  the  effects  of  the  first  three  are 
negligible,  then  the  turbulent  dissipation  rate  can  be 
determined  from  the  width  of  the  Doppler  spectrum. 

By  using  the  first  moment,  we  estimated  the  effect 
of  radial  wind  shear  using  the  method  of  Sloss  and 
Atlas  (1968)  and  found  that  under  most  conditions 
the  shear  broadening  amounted  to  less  than  0.05  m2 
sec-2  and  was  entirely  negligible  compared  with  broad- 
ening by  turbulence.  Measurement  from  the  two 
Doppler  radars  reinforce  this  conclusion.  On  one  oc- 
casion there  was  a  radial  shear  of  5X 10-3  sec-1  affecting 
one  radar  and  almost  no  shear  affecting  the  other. 
Both  observed  a  common  volume  and  yet  their  dissipa- 
tion values  derived  from  Doppler  spread  were  essen- 
tially identical. 

Because  of  spectral  broadening  by  radial  wind  shear, 
Gorelik  and  Mel'nichuk  (1968)  restricted  their  mea- 
surements of  dissipation  to  vertical  beams.  This  would 
enhance  the  contribution  of  the  fallspeed  distribution 
of  the  scatterers  to  the  velocity  variance.  If,  as  was 
true  in  our  case,  low  slant  angles  are  used,  the  fall 
velocity  contribution  is  greatly  reduced.  For  example, 
limiting  the  slant  angle  to  less  than  17°  above  the 
horizon  reduces  the  spectral  broadening  due  to  fall 
velocity  variance  by  an  order  of  magnitude  compared 
to  that  at  vertical  incidence.  The  low  fall  velocity  of 
the  chaff  used  as  a  tracer  also  reduces  this  contribution 
significantly. 

Previous  work  (Gorelik  and  Mel'nichuk,  1968)  on 
the  Doppler  technique  did  not  consider  the  high-pass 
spectral  filtering  of  the  turbulence  spectrum  due  to  the 
finite  transverse  extent  of  the  radar  beam.  This  re- 
stricted dissipation  measurements  to  ranges  where  the 
pulse  length  was  much  larger  than  the  transverse  beam 
width.  We  use  the  fact  that  the  antenna  beam  pattern 
and  pulse  shape  of  our  Doppler  radar  may  be  accurately 


fitted  by  two  Gaussian  curves.  The  theoretical  calcula- 
tion of  the  second  moment  of  the  Doppler  spectrum 
then  depends  upon  the  transverse  dimensions  of  the 
scattering  volume  as  well  as  the  pulse  length  and  dissi- 
pation rate.  This  additional  dependence  allows  a  deter- 
mination of  turbulent  dissipation  from  the  minimum 
(~1  km)  to  the  maximum  range  of  the  radars. 

3.  Theory 

Srivastava  and  Atlas  (1972)  determined  the  spatial 
spectrum  of  the  wind  velocity  averaged  over  the  pulse 
volume,  in  terms  of  the  true  velocity  spectrum,  in  the 
form 

<J>5(k)=(27r)«<i>„(k)|Fp(k)|2,  (2) 

where  <J>5  and  $„  are,  respectively,  the  spectral  densities 
of  the  volume-averaged  and  point-measured  radial 
velocities,  and  Fp(\i)  is  the  Fourier  transform  of  the 
antenna  illumination  pattern  P  as  a  function  of  spatial 
wave-number  k.  We  assume  that  the  condition  of 
narrow  beam  width  holds  sufficiently  well  that  the 
radial  velocity  may  be  considered  everywhere  parallel 
to  the  beam  axis.  Therefore, 


*,(k)«*u(k), 


(3) 


where  <J>n(k)  is  the  radial  component  of  the  spectral 
density  tensor  of  the  velocity  field. 

The  variance  of  the  radial  velocity  measured  within 
the  volume,  i.e.,  from  measurements  of  Doppler  spread, 
expressed  in  terms  of(  the  point-measured  and  volume- 
averaged  velocity  variance  is 


°11— "point       "vol) 

or,  in-terms  of  their  spectra, 


°\v 


=      (/3k1>n(k)[l-(27r)6|Fp(k)|2]. 


(4) 


(5) 


We  fitted  the  antenna  illumination  pattern  with  a 
three-dimensional  Gaussian  distribution 

exp{  -[(y2+s2)  /(2a2)+*V(2/}*)]} 

P{x,y,z)  = — -,     (6) 

(27r)»/3a2 

where  x  is  the  direction  along  the  beam  axis,  and  y  and 
2  are  coordinates  transverse  to  the  beam.  The  constants 
a  and  (3  relate  to  the  beam  width  and  pulse  length 
respectively.  The  filter  function  |Fp(k)|2  derives  from 

\Fr(k)';-=  (2x)-6exp{-[(F-£,2)a2+W]},      (7) 

where  k-=  kxi-\-kv2-\-kl2.  The  assumption  of  an  isotropic 
tensor  for  the  turbulence  spectrum  implies  that 


*n(k)— 


4ir£2\  k2        /' 


(8) 


and  if  the  scale  sizes  of  interest  are  in  the  inertial  sub- 
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range,  then 


E(k)  =  Atlk-&'3, 


(9) 


where  A  is  the  universal  constant  [\4~0.47  (Lumley 
and  Panofsky,  1964)]  and  e  the  rate  of  turbulent 
energy  dissipation.  Substituting  (7)  and  (8)  into  (5), 
we  obtain 


2 
<7n  = 


4*- 


d3kk~ 


iuAi-f. 


k 


Xil-expt-ikt-kZ-W-k^).     (10) 


Changing  to  spherical  coordinates  (k,  8,  4>)  where  kx 
=  k  cos#,  and  integrating,  Eq.  (10)  reduces  to 


r?,  =  §r(5/3M(«0 


i- 


v 


y" 


15     105. 


(ID 


where  y2=  1—  (/3/a)2  with  the  restriction  that  (J3/a)  ^  1. 
For  the  range  of  7  of  interest  in  our  experiment  we 
need  only  retain  terms  of  at  most  order  y2  in  (11)  and 
invert  to  find 


an 


1.354 


0-3 


(12) 


For  the  case  (/3/a)>l,  the  equation  for  the  dissipation 
becomes 


6~r' 


an' 


1.35.4 


o+a 


where     £2  =  l-(a//3)2.    (13) 


Eqs.  (12)  and  (13)  allow  the  determination  of  e  for  the 
full  range  of  pulse  lengths  /J  and  beam  widths  a. 

A  potential  problem  in  estimating  e  appears  if  the 
maximum  wavelength  of  the  inertial  subrange  is 
smaller  than  the  largest  dimension  of  the  radar  pulse 
volume.  Measurements  by  Myrup  (1969)  indicate  that 
the  spectral  slope  may  differ  from  the  k~:'13  law  if  the 


^<Z  hi  13.65 
Radar  B 


*Tower 
Fig.  1.  Haswell  site:  Radars  A  and  B  relative  to  the  150  m  tower. 


measurements  are  made  above  the  inversion  base  where 
the  atmosphere  is  stably  stratified.  One  of  his  spectra 
in  the  stable  layer  showed  the  inertial  subrange  to 
begin  at  about  69  m  though  his  averaged  spectra  of 
many  measurements  showed  the  inertial  subrange  for 
this  stable  layer  to  begin  at  a  wavelength  of  about 
400  m.  The  largest  effective  dimension  contained  within 
our  beam  at  10  km  range  for  our  radar  was  about  150  m. 

4.  Comparisons  with  in  situ  measurements 

We  compared  dissipation  measurements  derived  from 
(12)  and  (13)  with  direct  observations  from  the  top  of 
a  150  m  tower  located  near  Haswell,  Colo.  The  tower 
stands  in  the  center  of  a  shallow  bowl,  approximately 
75  m  deep  and  25  km  in  diameter.  The  vegetation 
around  the  site  was  buffalo  grass  about  15  cm  high. 
Fig.  1  shows  the  relative  locations  of  the  two  Doppler 
radars  and  the  tower.  Chaff  dispensed  from  a  small 
aircraft  acted  as  a  tracer  of  the  atmosphere's  turbulent 
motions.  In  addition  to  the  Doppler  radars,  an  acoustic 
sounder  (McAllister  el  al,  1969),  located  near  the 
tower  and  operated  in  the  backscatter  mode,  continu- 
ously monitored  the  local  inversion  height  (Wyckoff 
et  al,  1973). 

From  the  tower  data  we  estimated  the  dissipation  by 
first  time-lagging  the  vertical  component  of  velocity  as 
measured  by  a  bivane.  Then  assuming  Taylor's  hy- 
pothesis we  calculated  the  spatial  structure  function 
of  vertical  velocity  in  a  manner  similar  to  that  of 
Record  and  Cramer  (1966).  The  dissipation  rate  in  the 
inertial  subrange  was  then  calculated  from  the  velocity 
structure  function  Dw,  using  the  formula 

Dw{r)=  [w(x)—w(x+r)J=  5«M.  (14) 

In  (14),  B  is  a  universal  constant,  w  is  the  vertical 
velocity,  and  the  overbar  denotes  a  time  average.  The 
displacement  r  is  the  effective  separation  of  the  two 
velocity  measurements  given  by  r=uAl,  where  u  is  the 
mean  wind  speed  and  Al  the  time  lag.  Several  time  lags 
were  used  to  determine  the  extent  of  the  inertial 
subrange. 

To  reduce  the  radar  data,  the  second  moment  of  the 
Doppler  spectrum  was  estimated  by  fast  Fourier  trans- 
forming 512  complex  radar  return  signals.  The  Doppler 
spectrum  was  then  extracted  from  the  complete  signal 
spectrum  by  assuming  a  noise  threshold  and  frequency 
window  which  eliminated  ambiguities  due  to  folding. 
The  power  threshold  level  was  set  equal  to  a  fraction 
(typically  \  to  1)  of  the  average  power  of  the  noise 
contaminated  spectrum.  Then  noise,  ground  return  and 
image  spectra  that  still  remained  above  the  threshold 
level  were  removed,  retaining  only  the  set  of  spectral 
points  that  formed  a  continuous  set  above  the  thresh- 
old. Once  the  second  moment  was  determined,  we  esti- 
mated the  standard  deviation  of  these  moments  for 
each  height  interval,  and  rejected  moments  exceeding 
one  standard  deviation.  Eqs.  (12)  and  (13)  were  used 
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Table  1.  Radar  parameters. 


Parameter 


Radar  A 


Slant  angle 
Azimuth  angle 
Radar  range  (km) 
a  (m) 
li  (m) 


0  to  4° 
1%  to  230° 
8.9  to  12.3 
0.0084  X  range 
90 


Radar  li 

0  to  4° 
115  to  130° 
8.5  lo  12.3 
0.0084  X  range 
90 


to  estimate  t  from  the  radar  data.  The  values  of  e 
were  averaged  over  100  m  height  intervals.  The  radar 
parameters  used  for  this  comparison  are  shown  in 
Table  1.  For  the  tower  measurements  of  dissipation, 
the  bivane  was  lagged  by  5  sec  and  by  assuming 
Taylor's  hypothesis  the  observed  5  m  sec"1  wind  speed 
yielded  an  equivalent  separation  of  25  m  which  was 
used  to  compute  the  structure  function.  Kq.  (14)  with 
B~\A  then  gave  the  dissipation  rale.  Table  2  shows 
the  results  of  this  comparison. 

In  Table  1,  the  biggest  discrepancy  between  e  com- 
puted from  the  tower  data  and  that  computed  from 
the  radar  observations  appears  in  the  data  taken  with 
radar  A.  One  possible  cause  could  be  ground  return  in 
the  received  signal  which  would  give  a  contribution  to 
the  Doppler  variance. 

In  addition  to  the  Doppler  radar  measurements  of  e, 
there  are  acoustic  Doppler  techniques  (Beran  and 
Clifford,  1972)  that  might  be  used.  In  a  comparison 
between  values  of  e  measured  with  an  acoustic  echo 
sounder  and  measurements  made  with  a  Doppler  radar, 
Gaynor  (1974)1  found  good  agreement  up  to  400  m 
above  ground  level  (AGL).  Above  400  m  the  intensity 
of  the  backscattered  acoustic  signal  dropped  to  values 
that  were  too  small  to  achieve  an  accurate  Doppler 
velocity  estimate. 

5.  Results  and  discussion 

A  qualitative  picture  of  a  convective  layer  topped  by 
a  stable  layer  is  provided  by  a  facsimile  recording  of 
the  backscattered  acoustic  echo  (as  seen  in  Fig.  2). 
The  light  areas  correspond  to  little  backscattered 
acoustic  signal,  and  the  dark  areas  correspond  to  larger 
values.  The  recording  shows  a  gradual  deepening  of  the 
thermal  plume  layer  with  time  (^  100  m  at  0800  be- 
coming about  500  m  thick  at  1000  (all  times  MDT)). 
Above  this  layer  is  a  lighter  echo  region  extending 
approximately    50-100    m    above    the    plume    echoes. 


Tahle  2.  Comparison  of  radar  dissipation  rate  (cm2  sec  ;;)  esti- 
mates with  instrumented  tower  for  9  August  1972. 


Time 
(MST) 


0950  to  1000 
1230  to  1245 


Radar  A 

21 
82 


Radar  li 

34 
60 


Tower 

31 
61 


■  i*  '*.  L.  <■■■  AM*  J" 


Fig.  2.  Backscattered  intensity  of  acoustic  signal  vs  height 
and  time.  These  data  were  taken  within  a  few  meters  of  the  tower 
at  Haswell  on  9  August  1972. 

Immediately  above  the  lighter  echo  region  is  a  second 
echo  region  about  50-100  m  thick,  and  fairly  continuous 
in  time.  Finally,  above  the  second  darker  echo  region, 
there  is  another  region  of  little  echo  extending  from  a 
height  of  about  400  m  to  the  maximum  range  of  the 
acoustic  sounder.  To  facilitate  the  discussion,  these 
layers  (see  Fig.  3)  have  been  labeled  as  regions  A  (30 
to  300  m),  B  (300  to  400  m),  C  (400  to  500  m)  and 
D  (>500m)  at  1000  MDT. 

The  turbulent  kinetic  energy  dissipation  rate  e  mea- 
sured with  two  pulse  Doppler  radars  using  chaff  targets 
is  shown  in  Fig.  4.  These  measurements  show  that  e  is 
essentially  constant  from  a  height  of  100  m  AGL  to 
about  500  or  600  m,  where  it  rapidly  decreases  to  very 
small  values  at  0945  to  1000. 

One  should  also  note  that  in  region  C,  the  layer 
thickness  is  less  than  the  Doppler  radar  beam  width 
(~120  m  thick).  Under  this  condition,  t  could  be  under- 


0900 


1000 


1  Private  communication. 


Fig.  3.  Expanded  scales  of  the  9  August  1972  backscattered 
intensity  of  acoustic  signal  vs  height  and  time  for  0900  to  1000 
MDT.  Xote  the  inversion  height  at  400  m  just  before  1000.  These 
data  were  taken  within  a  few  meters  of  the  tower  at  Haswell. 


294 


1626 


JOURNAL     OF     THE 


E 


i       1     1    1    1  T"| 

1 

i        I 

1     1     1    II 

I03 

• 

• 

Ml 

- 

x 

D 

• 

• 

X 

1  : 

c 

• 

r 

•    « 

B      - 

1 

<*  Tower 

•  Radar  A 
x   Radar  B 

T  - 

A 

a 

()2 

1       i      l     i    i    i   1 

1 

• 

1     1    1   1 

10  30 

e  (cm2/S3) 


100 


Fig.  4.  Dissipation  rate  vs  height  for  0950  to  1000  MDT 
9  August  1972,  near  Haswell. 


estimated.  If  e  is  actually  larger  in  C  compared  to  A 
and  B,  this  large  value  could  be  due  to  the  presence  of 
Kelvin-Helmholtz  billows  formed  in  the  inversion 
(Readings  el  al.,  1973). 

Part  of  the  shear  production  term  of  the  turbulent 
kinetic  energy  balance  equation  [term  I  of  Fq.  (1)] 
may  be  obtained  from  measurements  of  mean  wind 
velocity  as  a  function  of  height  using  the  Doppler  radar 
data  (Fig.  5).  We  use  the  Doppler  radar  data  for 
estimates  of  the  mean  wind  speed  and  direction  since 
the  nearest  sounding  was  taken  at  0803,  2  hr  prior  to 
the  chaff  drop.  These  measurements  indicate  that 
dU/dz  is  very  small  in  region  A,  increasing  in  region  B, 
and  increasing  to  large  values  in  regions  C  and  1),  and 
finally  becoming  very  small  in  the  upper  part  of  region 
D.  Thus  in  region  A,  term  I  should  be  small,  while  in 
the  other  regions  it  could  have  relatively  large  values 


I03 


•  Rodor  A 
x    Rodor    B 


-6         -4-20246 
Average  Wind  Speed   (m/S) 

Fig.  5.  Wind  speeds  vs  height  for  0950  to  1000  MDT  9  August 
1972,  near  Haswell.  These  two  components  are  approximately 
perpendicular  to  each  other. 
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depending  upon  the  magnitude  of  ts/p.  A  summary  of 
the  various  acoustic  and  radar  parameters  are  shown 
in  Table  3  for  1000. 

The  qualitative  behavior  of  term  II  Eq.  (1)  may  be 
determined  by  examination  of  the  acoustic  sounder 
records,  measurement  of  e,  and  the  rawinsonde  tem- 
perature data  taken  at  0803  and  at  1700.  Fig.  1  shows 
similar  patterns  at  0800  and  at  1000.  The  main  differ- 
ence is  the  height  and  thicknesses  of  regions  A,  B,  C 
and  D  at  the  two  times.  The  sounding  at  0803  shows 
region  B  to  have  an  adiabatic  lapse  rate  (d0/dz«O). 
Region  C,  at  the  same  time,  has  a  very  stable  potential 
temperature  gradient,  and  in  region  I)  the  gradient  is 
less  stable.  We  do  not  have  a  sounding  at  1000,  but  we 
can  confidently  assume  that  the  adiabatic  laver  located 
approximately  between  200  and  300  m  at  0800  had 
lifted  to  the  height  corresponding  to  region  B  at  1000. 
Between  0945  and  1000,  the  dissipation  rate  e  (Table  1) 
was  constant  through  regions  A,  B,  may  have  increased 
in  C,  and  decreased  with  height  in  D.  Since  CY2=  Are-*, 
t  is  almost  constant,  then  iY~Cr2.  Therefore,  from 
Table  1,  we  can  say  that  in  region  A,  A7  is  large;  in 
region  B,  A7  is  very  small;  in  region  C,  A"  is  large;  and 
in  I),  A*  is  very  small.  Now 


.38     div'6'2 


A'~ 


32 


Since  .V  is  very  small  in  region  B,  both  terms  on  the 
right-hand  side  are  small  since  one  would  not  expect 
a  lack  of  destruction  of  temperature  variance  in  the 
presence  of  a  source  of  production  [_  —  w'6'(dd/dz)~]. 
(This  is  supported  by  the  0803  sounding  which  shows 
that  dd/dz  changes  sign  in  the  region  of  no  acoustic 
echo  and  is  thus  passing  through  zero  in  this  region.) 
Comparisons  by  Xeff  (1974)'-,  of  in  situ  tower  observa- 
tions with  acoustic  echo  sounding  in  a  case  similar  to 
ours,  show  that  &/0'— 0  in  the  region  of  weak  echoes. 
If  advection  on  the  large  scale  is  negligible,  evalua- 
tion of  term  II  in  Fq.  (1)  can  be  accomplished  by  as- 
suming dd/iit=V -V=0.  With  these  assumptions,  we 
can  write 

do      &u7e' 

di  dz 

2  Private  communication. 
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Below  the  inversion,  where  86/ dt  is  independent  of 
height,  integration  yields  a  linear  variation  of  w'B'  with 
height,  which  has  been  confirmed  by  Lenschow  (1970) 
and  Pennel  and  LeAIone  (1974).  We  can  evaluate 
(g/T)w'6'\  :s  by  using  two  soundings  (Fig.  6)  at  0803 
and  1700.  This  gives  an  average  value  of  33  cm'-  sec"3. 
Assuming  steady  state  and  recalling  that  shear  pro- 
duction is  small,  we  find  for  region  A  that 

-w'{e+p7/p)=  (g/dWO'  |  z,(  1  -z,  Zi)  -  e 
dz 

~33(l-z/2.)-31  cm2  sec"3.     (15) 

Thus,  the  height  divergence  of  the  vertical  flux  of  the 
sum  of  kinetic  energy  and  pressure  fluctuation  is  posi- 
tive near  the  ground,  changing  sign  at  about  0.  lz,  and 
then  becoming  even  larger  near  the  top  of  A.  This 
behavior  of  the  divergence  is  consistent  with  aircraft 
observations  of  Lenschow  (1970)  and  Pennel  and 
LcMone  (1974).  In  region  (',  there  is  a  strong  echo, 
and  Fig.  6  indicates  that  there  was  a  stable  temperature 
gradient  associated  with  this  layer  at  0803.  Thus,  there 
would  be  a  negative  heat  flux  in  this  region  associated 
with  the  entrainment  of  air  from  the  stable  layer.  This 
would  not  be  reflected  in  the  soundings  since  w'd' 
represents  an  average  over  most  of  the  day.  At  the 
bottom  of  region  I),  the  turbulent  dissipation  rate  is 
large  decreasing  with  height  to  small  values  near  the 
top. 

Since  dV/ds  also  approaches  zero  with  height  at  the 
top  of  layer  D,  and  assuming  energy  dissipation  to  be 
equal  to  mechanical  production,  we  estimate  the  com- 
ponent of  ts  parallel  to  the  wind  shear  to  be  on  the  order 
of  2.5  to  3.0  dyn  cm--. 

6.  Comparisons  with  Tennekes'  model 

The  non-zero  value  for  e  at  the  inversion  height  is 
different  from  that  assumed  by  Tennekes  (1973).  In  his 
model  for  the  inversion  height,  he  assumed  «=()  near 
the  inversion.  It  is  interesting,  however,  to  compare 
the  height  of  the  inversion  vs  time  using  his  model.  For 
the  morning  case,  his  model  gives  the  inversion  height  as 


//- 


(8'w'), 


1  r 


(19) 


where  y  is  the  lapse  rale  and  r  the  time  scale  of  the 
initial  increase  of  U''9'  with  time  at  sunrise.  He  estimates 
r  from  Deardorff's  (1967)  measurements  to  he  ^  104  sec. 

The  turbulent  temperature  llux  (#';/),.  is  evaluated  at 
noon.  From  the  soundings  at  0803  and  1700,  the  average 
value  of  u'0'  was  0.10  m  (°C)  sec  '.  Since  this  includes 
the  early  morning  in  the  average,  it  is  undoubtedly 
underestimating  the  noon  values.  With  y~10  -  (°C) 
m ">   and  sunrise  at   0700.   the   1000    MUT  value  of  // 
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Fig.  6.  Temperature  soundings  for  0803  and 
1700  on  9  August  1972. 


would  be  380  m  as  compared  with  about  400  m  for  the 
inversion  height  indicated  by  the  sounder. 

7.  Conclusions 

We  see  that  the  use  of  simultaneous  acoustic  echo 
soundings  and  dual  Doppler  radar  observations  can 
provide  useful  quantitative  measurements  within  the 
planetary  boundary  layer.  For  our  particular  case, 
the  acoustic  echo  sounder  was  used  to  delineate  the 
height  of  the  inversion  base,  and  the  height  at  which 
the  heat  flux  became  essentially  zero.  The  Doppler 
radars  were  used  to  measure  the  mean  wind  as  a  func- 
tion of  height  and  also  to  measure  the  turbulent  dissi- 
pation rate.  For  the  first  time,  comparisons  were  made 
between  the  Doppler-radar-measured  dissipation  rate 
and  the  dissipation  rate  measured  from  an  instru- 
mented tower.  Good  agreement. was  found  between  the 
two. 

The  dissipation  rate  was  constant  with  height 
through  the  convective  layer  and  remained  large  for 
about  200  m  above  the  inversion  base.  In  addition,  the 
wind  shear  was  very  small  within  the  convective  region. 
By  using  this  information,  and  the  fact  that  dd/dl  was 
independent  of  height  in  the  convective  layer,  we  infer 
that  there  must  be  a  convergence  of  both  the  vertical 
flux  of  turbulent  kinetic  energy  and  pressure  fluctua- 
tions as  the  inversion  base  is  approached  from  below. 
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Also,  it  appears  that  the  height  where  the  downward 
heat  flux  above  the  inversion  base  becomes  very  small 
(at  the  top  of  C  where  the  acoustic  echo  goes  to  zero) 
is  lower  than  the  height  where  the  turbulent  dissipation 
rate  drops  to  very  small  values  (see  Fig.  3). 
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THREE-DIMENSIONAL  AIR  MOTION  MEASURED  LN  SNOW 

A.  S.  Frisch,  L.  J.  Miller,  and  R.  G.  Strauch 

NOAA/ER L/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


Abstract.   In  this  letter,  we  present  the 
results  of  a  method  that  uses  two  Doppler  radars 
to  observe  the  three-dimensional  wind  field  dur- 
ing light  snowfall.   These  radars  are  designed  to 
scan  in  a  series  of  tilted  planes,  passing 
through  the  two  radar  positions.   From  the  mean 
Doppler  shifts  in  the  frequency  spectra  we  can 
determine  average  radial  velocities  within  the 
pulse  volumes.   Since  the  two  radars  do  not 
observe  the  same  volume  increments  at  the  same 
time,  spatial  interpolation  is  needed  before  the 
radial  velocities  can  be  combined  into  a  two- 
dimensional  velocity  field  at  a  set  of  common 
coordinates  within  each  plane.   The  estimated 
terminal  fall  velocity  of  the  snow  is  subtracted 
from  the  particle  velocity  to  obtain  the  true 
air  motion  in  the  plane.   The  air  motion  com- 
ponent normal  to  the  plane  is  obtained  by  inte- 
grating the  equation  of  continuity  in  cylindri- 
cal coordinates  starting  with  the  surface 
boundary  condition  at  the  plane  of  zero  eleva- 
tion.  The  velocity  field  in  the  common  planes 
scanned  by  the  radars  is  then  transformed  into 
a  rectangular  coordinate  system  with  one  axis 
oriented  parallel  to  the  average  wind  direction. 
After  the  mean  wind  field  is  removed  from  the 
results,  a  well  organized  "eddy"  wind  field  is 
evident. 


Radar  Equipment 

The  two-dimensional  particle  velocity  field 
in  a  plane  is  obtained  from  measurements  made 
in  the  plane  by  two  nearly  identical  coherent 
radars.   The  radar  beams  scan  over  each  tilted 
plane  in  lb,  32,  or  6U  azimuthal  increments 
each  of  which  is  sampled  in  2k   range  gates. 
After  scanning  a  plane,  the  radar  antennas  are 
stepped  up  1  deg  to  another  plane.   In  this 
manner,  the  two-dimensional  velocity  field  in  a 
predetermined  volume  of  space  can  be  measured. 
The  time  needed  to  scan  each  plane  is  32  sec, 
and  a  scan  of  the  whole  volume  typically  re- 
quires approximately  3-5  min. 

The  bipolar  video  data  from  two  phase - 
quadrature  channels  is  recorded  on  digital  mag- 
netic tape  for  off-line  Doppler  processing  and 
analysis.   For  the  data  we  present  here,  512 
radar  pulses  were  used  to  sample  each  range  "bin" 
(0.262  sec  dwell  time  at  a  PRP  of  512  usee). 
This  dwell  time  is  enough  to  keep  the  standard 
deviation  of  the  mean  radial  velocity  estimate 
to  less  than  0.1  m/sec  (Lhermitte  and  Miller, 
1970)  for  the  wavelength  (3.2  cm)  and  signal- 
to-noise  power  ratio  of  these  Doppler  radar 
systems. 

Copyright  1974  by  the  American  Geophysical  Union. 


Mean  Radial  Velocity 

The  Doppler  frequency  shift  was  estimated 
from  the  discrete  Fourier  transform  of  the  com- 
plex time  series  of  the  phase-quadrature  signals 
from  each  range  gate .   The  Doppler  spectrum  was 
extracted  from  the  complete  frequency  spectrum 
by  choosing  an  empirical  noise  power  threshold 
and  frequency  window  which  eliminated  the  addi- 
tive noise  portion  of  the  spectrum.   The  power 
threshold  level  was  set  to  a  fraction  (typical- 
ly 0.5  to  1)  of  the  average  power  of  the  noise- 
contaminated  spectrum.   Ground  return  and  image 
peaks  caused  by  small  errors  in  the  90  deg  phase 
shift  demodulation  were  removed  by  the  frequency 
window.   The  mean  Doppler  shift  and  the  spread 
of  the  Doppler  spectrum  were  estimated  from  the 
remaining  set  of  spectral  points . 

Coordinate  System  and  Velocity  Calculations 

Two  radial  velocity  estimates,  derived  from 
two  radars  scanning  a  common  plane  of  given  tilt 
angle,  are  sufficient  to  resolve  the  two- 
dimensional  vector  velocity  in  that  plane.   The 
particle  velocity  components  are  perpendicular 
and  parallel  to  the  radar  baseline  (Miller, 
1972),  and  are  initially  expressed  in  a  cylin- 
drical coordinate  system.   The  two-dimensional 
particle  velocity  field  is  converted  to  a  two- 
dimensional  air  motion  field  by  subtracting  the 
estimated  terminal  fall  velocity  of  the  snow- 
flakes.   Integration  of  the  continuity  equation 
(v  •  v  «  0)  in  cylindrical  coordinates  yields 
the  component  of  air  motion  normal  to  the  plane. 

Mapping  the  wind  field  by  simultaneous  ob- 
servation of  the  same  volume  by  both  radars  is 
impractical,  but  if  the  field  can  be  assumed 
to  change  little  during  the  time  required  to 
scan  a  single  plane  (typically  <  l/2  min),  each 
radar  can  scan  that  plane  independently.   Spatial 
interpolation  is  applied  to  the  two  radial 
velocity  fields  to  obtain  new  values  at  common 
grid  points  which  can  be  combined  to  obtain  total 
velocity  in  cylindrical  coordinates.   After  inte- 
grating the  continuity  equation  in  cylindrical 
coordinates,  the  velocity  field  is  transformed 
into  a  Cartesian  coordinate  system  with  the  x,  y 
plane  chosen  parallel  to  the  local  ground  plane. 

Turbulent  Dissipation  Rate  Estimate 

In  addition  to  the  first  moment  information 
provided  by  the  Doppler  spectrum,  we  can  use  the 
second  moment  information  to  estimate  the  tur- 
bulent dissipation  rate,  e.  We  use  the  technique 
described  by  Gorelick  and  Mel'nichuk  (1968)  and 
modified  by  Frisch  and  Clifford  (197M-   They 
found  that  e  is  related  to  the  variance  of  the 
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Doppler  spectrum,  a2 ,  by 


.  3/2 


11 


0.68(i-v7i5) 


where  y2*  1-  (g/o/)2  and  a   and  (3  are  functions  of 
the  beam  width  and  pulse  length. 

Among  the  sources  of  errors  in  this  measure- 
ment are  (a)  spectral  broadening  due  to  the 
finite  width  of  the  radar  beam,  (b)  non-uniform 
distribution  of  reflectivity  within  the  pulse 
volume,  and  (c)  spectral  broadening  due  to  wind 
shear  parallel  to  the  beam.   For  our  measure- 
ments, the  last  source  is  probably  the  most 
important.   Using  the  method  of  Sloss  and  Atlas 
(1968),  we  find  this  effect  to  be  small  with  the 
values  of  wind  shear  found  in  the  mean  wind 
field,  especially  between  100  and  U00  m. 

Experiment  and  Results 

The  two  radars  were  located  near  Boulder, 
Colorado  (see  Fig.  l).  The  data  were  taken 
during  a  light,  steady  snow  on  3  January  1972 
from  1127  to  llkl   MST.   There  was  a  NNE  wind  at 
5  m/sec.  The  Denver  sounding  (at  1100)  showed 
a  negative  potential  temperature  gradient  below 


200  m,  while  above  200  m  this  gradient  was 
slightly  positive.   The  scanning  of  the  common 
plane  was  8  deg  to  0  deg  to  8  deg  in  1  deg  in- 
crements.  Since  it  took  approximately  30  sec 
to  scan  each  plane,  we  used  the  two  sequences 
of  plane  scans  (8  deg  to  0  deg  and  back  to  8 
deg)  and  interpolated  each  plane  angle  to  a 
common  time.   The  total  observed  field  covered 
a  volume  in  space  approximately  6x6x1  ?m,  thus 
for  brevity,  we  show  only  a  few  of  the  possible 
planes . 

Figs.  2  and  3  show  the  projection  of  the 
vector  velocity  fluctuation  field  relative  to 
the  mean  velocity  in  the  pulse  volume  in  several 
of  the  yz  and  xz 'planes,  which  are  separated  by 
300  m.   The  xz  planes  are  vertical  planes  paral- 
lel to  the  mean  wind,  and  the  yz  planes  are 
vertical  planes  perpendicular  to  the  mean  wind. 
We  show  the  velocity  deviation  fields  because 
it  is  difficult  to  see  any  organized  structure 
in  the  total  vector  wind  field  while  clear  pat- 
terns appear  when  the  average  wind  over  the 
volume  is  subtracted  from  the  field  of  total 
velocity.   For  example,  Fig.  2  shows  coherent 
velocity  patterns  in  the  form  of  an  elliptical 
rotor  (note  that  the  height  scale  is  5  times 
the  horizontal  scale).  Fig.  3  consists  of 
planes  approximately  parallel  to  the  mean  wind, 
and  shows  a  zone  of  convergence  that  is  coherent 
for  at  least  900  m  in  the  y  direction  and  tilted 


Fig.  1.   Radar  positions  relative  to  area  scanned. 
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Fig.  2.  z-y  components  of  velocity  fluctuations  in  planes  approximately  perpendicular 
to  the  mean  wind.  Note  that  the  horizontal  scale  is  compressed  5  to  1  relative  to  the 
vertical  scale.   The  dashed  lines  show  the  location  of  the  other  set  of  planes. 
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Fig.  3-  z-x  components  of  velocity  fluctuations  in  planes  approximately  parallel  to  the 
mean  wind.  Note  that  the  horizontal  scale  is  compressed  5  to  1  relative  to  the  <-°rtical 
scale.   The  dashed  lines  show  the  location  of  the  other  set  of  planes. 
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Fig.  k.      Dissipation  rate  of  turbulent  kinetic  energy,  e ,  as  a  function  of  height. 


at  approximately  20  deg  from  the  horizontal. 
The  dashed  lines  in  the  center  of  Fig.  2  show 
the  relative  position  of  the  planes  in  Fig.  3 
and  vice  versa. 

The  calculations  of  e,  shown  in  Fig.  h,    are 
averaged  over  100  m  height  increments.   From 
the  ground,  e  decreases  with  height  up  to  300  m, 
where  it  starts  increasinf .   The  increase  with 
height  continues  (from.  7  to  13  cm2/sec3),  up  to 
500  m  near  the  center  of  the  elliptical  patterns. 
Above  550  m,  e  is  constant  to  '350  m,  where  it 
again  increases  with  height  (from  13  to  22  cm''/ 
sec3).  However,  there  are  less  data  at  greater 
heights,  and  the  sampling  error  is  larger.   These 
results  differ  from  those  of  the  convective 
boundary  layer  studied  by  Frisch  and  Clifford 
(197*0;  who  found  that  e  was  approximately  con- 
stant with  height  from  near  ground  to  the  base 
of  an  elevated  inversion. 

Thus  one  can  see  some  of  the  potential  value 
of  the  dual  Doppler  system  in  obtaining  data  in 
the  atmospheric  mesoscale  range.   At  the  present 
time  there  are  no  other  techniques  that  are 
capable  of  yielding  the  detailed  spatial  velocity 
structures  provided  by  the  dual  Doppler  technique. 
These  results  show  that  there  is  a  large  amount 
of  middle  scale  structure  that  needs  to  be 
studied  to  determine  how  important  these  struc- 
tures are  and  the  role  they  take  in  the  atmos- 
phere . 
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In  this  paper  we  proem  observations  of  the  secondary  How  patterns  in  the  planetary  boundary  layer  b\ 
using  a  dual-Dopplcr  radar  sy  stem  with  snow  as  an  air  motion  tracer.  The  results  show  dehnite  patterns  of 
flows,  with  scale  sues,  and  the  distribution  ol  energy  consistent  \Mth  a  secondary  How  model  of  Brown 
(1970)  The  sense  of  rotation  is  different,  bin  this  nu\  be  due  to  the  lack  ol  a  wind  speed  high  enough  to 
obtain  a  full)  developed  secondary  How  The  Doppler-denved  turbulent  dissipation  rate  shows  an  initial 
decrease  with  heiehl  followed  b\  an  increase  in  an  elevated  shear  laser. 


Introduction 

In  this  paper  \\e  present  detailed  velocity  fields  measured  in 
the  planetary  boundary  layer  using  snow  as  an  air  motion 
tracer  for  dual-Dopplcr  radars.  We  have  calculated  profiles  o( 
the  average  wind,  variance  of  the  three  wind  components,  and 
the  turbulent  dissipation  rate  to  help  interpret  the  air  motion 

Some  initial  results  of  three-dimensional  air  motion  meas- 
urement using  the  dual-Doppler  technique  were  presented  bv 
Frisch  et  al.  [1974].  and  a  description  ol  the  method  used  was 
given  by  Miller  and  St  ranch  [I974],  Several  steps  are  needed  to 
obtain  estimates  of  the  three  components  of  wind  velocity. 

1.  The  radars  are  scanned  in  a  series  of  common  planes 
[Lltenitiiie and  Miller.  1970],  each  plane  taking  between  10  and 
30  s  for  a  scan.  For  our  data  it  took  30  s  to  scan  each  plane. 
The  radar  was  gated  to  give  24  pulse  volumes  along  each  radial 
beam,  and  lb  beams  were  used  per  plane,  fcach  pulse  volume 
was  about  75  in  long,  and  its  dimension  transverse  to  the  beam 
varied 'from  100  to  250  m  in  diameter.  There  was  a  300-m 
separation  along  each  beam  between  each  pulse  volume. 

2.  The  raw  data  were  converted  to  radial  velocity  rields 
relative  to  each  radar. 

3.  Finally,  through  a  series  of  manipulations  involving  in- 
terpolation, differentiation  of  the  velocity  held,  and  in- 
tegration of  the  mass  continuity  equation  the  final  three-di- 
mensional wind  rields  were  obtained. 

The  measurement  ol  the  turbulent  aissipanon  rate  by  a 
Doppler  radar  w  as  described  by  Frisch  and  Clifford  [  1974 1.  The 
dissipation  measurement  relates  the  variance  estimate  ol  the 
velocity  spectrum  within  each  radar  pulse  volume.  It  assumes 
that  the  largest  dimension  ol  ihe  radar  pulse  volume  is  smaller 
than  the  largest  scale  of  the  inertial  subrange  for  velocity. 
Aircraft  measurements  bv  Myrup  (I969|  indicate  that  this  is  a 
reasonable  assumption  for  our  pulse  volume  dimensions. 

Experiment  and  Results 

We  wanted  to  know  if  it  is  possible  to  distinguish  between 
organized  secondary  (low  motion  and  random  turbulence  in 
the  planetary  boundary  laver.  With  such  abilit)  we  could  ob- 
tain information  about  the  scales  and  how  the  secondary  mo- 
tions are  produced  In  turn,  from  these  scaies  and  their  distri- 
butions we  could  learn  about  the  source  of  energy  of  the  air 
motions.  The  secondary  flow  energy  production  is  expected  to 


come  either  from  inflection  point  instabilities  located  through- 
out the  boundary  layer  or  from  eonvective  instability  pre- 
dominantly at  the  surface.  There  is  evidence  in  the  data  of  both 
convectiv  e-induced  motion  and  motion  associated  with  in- 
flection point  instability  in  the  upper  portion  of  the  boundary 
layer. 

Our  two  radars  were  located  near  Boulder.  Colorado.  The 
data  were  taken  during  a  light,  steady  snow  on  January  3. 
1972.  from  1127  to  1141  MST.  The  wind  was  5  m  s  from 
N'NF.  The  Denver  temperature  sounding  (Figure  1).  whose 
release  point  was  approximately  30  miles  (4S  km)  from  the 
radar  experiment,  showed  a  slightly  unstable  temperature 
gradient  below  200  m  and  a  stable  temperature  gradient  from 
200  m  to  about  3  km.  During  this  time  the  radar-scanned 
planes  tilted  Irom  0°  to  8°  in  1°  increments.  The  Doppler 
frequency  shift  at  each  radar  was  estimated  from  signals  in 
each  range  gate.  The  radial  dimension  of  each  range  gate  was 
approximately  75  m,  the  beamw  idth  w  as  about  0.9°,  and  there 
were  16  azimuthal  beams  made  up  of  24  range  gates.  For  the 
data  we  present  here  there  are  512  radar  pulse  samples  from 
each  range  gate  (0.262-s  dwell  time  at  a  pulse  repetition  period 
of  512  ms).  The  standard  deviation  of  error  in  the  mean  radial 
velocity  estimate  at  each  range  gale  is  less  than  6  cm/s  [Lher- 
nntie  and  Miller.  1970]  for  this  sample  length.  Additional 
smoothing  of  the  data  is  done  by  interpolating  the  radar  data 
to  grid  points  in  a  cylindrical  coordinate  system  which  reduces 
the  error  to  less  than  3  cm  s  [Miller  and Strauch.  1974].  At  this 
stage  in  the  processing  one  has  a  two-dimensional  velocity 
held  in  each  plane.  The  divergences  in  these  two-dimensional 
fields  are  then  calculated,  and  the  velocity  component  per- 
pendicular to  each  tilted  plane  is  found  by  integrating  the 
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Fig.    I. 


Denver  sounding  for  January  3.   1972.  at   1103  MST;  T  is 
temperature  and  H  is  the  potential  temperature 
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equation  of  continuity  in  the  anelastic  form  V-/»v  =  0.  w  here  p 
is  ambient  density  and  v  is  the  velocity  perturbation.  The  date, 
lime,  and  scanning  geometry  are  given  in  the  tabulation  below 
The  data  were  converted  from  the  cylindrical  coordinate  sxs- 
lem  to  a  series  of  velocity  vectors  projected  into  horizontal 
planes  at  different  heights  and  to  a  series  oforthogonal  vertical 
planes. 

Date 

Time 

Base  line  angle 

Common  plane  angles  used 

Minimum  range 

Maximum  range 

Some  secondary  flow,  models  [e.g.,  Brown,  1970]  and  meas- 


Januarv.V  1972 
1127-1141  MST 
194.6°  (14.6°) 

0°-8° 

5.805  km  (both  radars) 

12.7  I  km  (both  radars) 


urements  [e.g.,  LeMonc,  1973]  are  split  into  a  mean  and  a 
perturbed,  or  secondary,  flow,  with  the  mean  of  the  horizontal 
wind  0(z)  removed  at  each  height  Therefore  we  treated  our 
wind  fields  in  the  same  manner.  This  enabled  us  to  isolate  the 
secondars  How  patterns  from  an\  influence  due  to  the  changes 
of  the  mean  wind  with  height  The  mean  horizontal  wind  at 
each  height  was  the  average  of  the  wind  at  all  available  grid 
points  in  each  horizontal  plane.  This  average  was  then  sub- 
tracted from  the  value  at  each  grid  point.  Kor  our  observations 
we  chose  the  v  direction  parallel  to  the  volume-averaged  hori- 
zontal wind  direction  within  the  measured  volume  (this  vol- 
ume is  approximately  5  x  5  km  in  area  at  the  base  and  a  little 
more  than  I  km  in  height).  Figure  2  shows  the  velocity  projec- 
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Fig.  2.     Velocity  vector  projections  into  a  series  of  horizontal  planes.  The  mean  velocity  in  each  plane  has  been  removed. 
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tions  in  horizontal  planes;  Figures  3  and  4  show  the  flow  in 
vertical  planes  parallel  and  perpendicular  to  the  mean  flow.  At 
every  height  there  were  regions  of  convergence  starting  with  a 
zone  of  convergence  aligned  almost  perpendicular  to  the  mean 
wind  at  200  m,  which  gradually  rotated  clockwise  with  increas- 
ing height,  reaching  an  angle  of  about  30°  at  500  m.  Figure  3 
shows  the  projection  of  the  wind  velocity  on  vertical  planes 
parallel  to  the  mean  wind.  In  Figure  3b.  at  Y  =  2.4  km.  the 
components  of  velocity  indicate  counterrotating  vortices  at 
heights  above  500  m.  Figure  4  shows  planes  perpendicular  to 
the  mean  wind  direction.  Again,  there  were  regions  of  rota- 
tion, convergence,  and  divergence.  One  region  of  rotation  ap- 
peared at  X  =  1 .8  (Figure  4b)  centered  at  Y  =  2  km  and  Z  = 


500  m.  This  rotation  remained  coherent  through  A'  =  5.1  km 
(Figure  4c).  Its  horizontal  cross  section  was  elliptical,  with  a  2- 
km  horizontal  axis  and  a  600-m  vertical  axis.  Adjacent  to  this 
feature  motion  (Figure  4b)  at  V  =  3.0  km,  Y  =  4.5  km.  and 
Z  =  300  m  one  can  see  a  smaller  elliptical-shaped  vortexlike 
motion  rotating  in  the  same  direction.  Figure  5  shows  the 
average  wind  that  was  removed  in  calculations  to  obtain  the 
secondary  flow  tields.  This  shows  that  most  of  the  wind  shear 
is  in  the  x  direction,  with  a  very  weak  shear  transverse  to  the 
volume-averaged  flow  direction  at  600  m. 

Having  the  spatial  distribution  of  the  separate  components 
of  the  velocity  field,  we  can  determine  how  the  kinetic  energy 
of  the  secondary  flow  is  concentrated  among  the  components 


Y=  0  9  km 


o>  05 


Fig.  3a 


Fig.  3.     Velocity  vector  projections  in  a  series  of  XZ  planes,  parallel  to  the  volume-averaged  wind  direction  and  separated 
by  300  m.  The  mean  wind  velocity  at  each  height  has  been  removed 
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X  =  09km 


Fig.  4.  Velocity  vectors  projected  i"  a  series  of  YZ  planes,  perpendicular  to  the  volume-averaged  wind  direction  and 
separated  bv  300  m.  The  mean  wind  velocity  at  each  height  has  been  removed.  Note  that  the  lengths  of  the  vectors  have 
been  changed  on  this  figure  from  Figures  2  and  3  to  improve  the  visibility  of  the  pattern.    ' 
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X=  4  5  Km 


Fig   4f 


and  how  it  is  distributed  with  height,  i.e.. 

iu'H:))  =  <[«(r)  -  <w(r)>]2> 

etc  .  for  r'2(r)  and  u ''(;).  where  the  angle  brackets  represent  a 
horizontal  average.  These  calculations  show  i*">al  most  ol  the 
kinetic  energy  of  this  secondary  How  was  in  the  longitudinal 
component  of  the  How . 

Since  the  local  Richardson  number  {Ri)  is  the  single  parame- 
ter bcM  representing  the  e fleets  of  stratification  and  shear,  we 
calculate  it  using  the  closest  rawmsonde  available,  i.e..  the 
Denver  sounding.  Miles  |I96I  ]  and  Howard  [1961  ]  have  shown 
that  a  necessary  condition  for  dynamic  instability  is  that  Ri  be 
locally  less  than  }  somewhere  in  the  flow.  The  Denver  sounding 
shows  that  the  local  Ri  above  200  m  is  never  less  than  1.2. 
However,  this  sounding  is  approximately   30  miles  (48  km) 


awaj  from  our  radar  observations  and  may  not  be  representa- 
tive Therefore  the  possibility  that  these  motions  result  from 
dy  namic  instability  cannot  be  ruled  out.  The  temperature  pro- 
hle  (Figure  I  )  suggests  that  a  definite  layer  of  uniform  temper- 
ature gradient  exists  between  the  convective  layer  and  the  very 
stable  layer  ai  about  2.8  km.  The  inllection  point  instability 
leading  to  vortex  How  has  been  shown  [Brown.  1972;  Kaylor 
ciinl  toller,  1972)  to  be  theoretically  possible  in  stable  as  well 
as  unstable  boundary  layers.  Brown  |I970]  solved  the  equa- 
tions of  motion  to  produce  an  equilibrium  flow  that  consists  of 
a  modified  Lkman  spiral  mean  How  plus  a  helical  secondary 
How  His  model  shows  that  the  modified  mean  How  exhibits 
less  turning  with  height  than  the  How  unmodilied  by  secondary 
How.  In  his  solutions  the  longitudinal  component  of  the  sec- 
ondary   How    is  the  largest,  a   maximum  being  predicted  at 
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about  500  :ti.  Typical  predicted  wavelengths  for  these  in- 
stability waves  are  about  1-2  km.  Our  observations  indicate 
that  the  maximum  energy  is  at  500  m  (Figure  6).  near  the 
center  of  the  vortexlike  motion,  and  that  most  of  the  energy  is 
in  the  component  parallel  to  the  mean  flow,  as  predicted  by- 
Brown's  model. 

The  secondary  flow  in  the  lateral  plane  is  maximum  at  the 
lowest  levels  and  reaches  a  minimum  at  about  0.5-km  height, 
in  agreement  with  theory.  The  completely  developed  equilib- 
rium secondary  flow  predicted  patterns  do  not  appear.  This  is 
probably  because  of  the  relatively  low  mean  velocity  and  the 
variable  stratification.  Brown  [1972]  found  evidence  of  large 
distortion  to  the  basic  secondary  flow  patterns  when  stable 
stratification  was  present. 

We  also  tried  to  determine  if  the  horizontal  rotary  wind 
pattern  was  related  to  the  orography.  Figure  7  shows  the 
projection  of  the  wind  velocity  vectors  in  a  horizontal  plane 
approximately  100  m  above  the  height  of  the  radar  base  line, 
superimposed  upon  a  contour  map  of  the  measurement  area. 
There  is  no  obvious  correlation  between  the  horizontal  wind 
fluctuation  patterns  and  the  topography.  There  is  a  power 
plant  located  at  X  =  —  1,  Y  =  4  in  the  coordinate  system  of 
Figure  2.  This  might  be  considered  a  potential  source  of  energy 
driving  the  secondary  flow.  However,  the  wind  is  from  NNE 
(from  the  positive  x  direction),  so  the  plant  is  downwind  from 
the  area  where  the  data  were  taken:  therefore  it  seems  unlikely 
that  it  could  have  had  an  appreciable  influence  on  the  observed 
patterns. 

The  horizontally  averaged  turbulent  dissipation  rate  versus 
height  (Figure  X)  was  obtained  from  the  second  moment  of  the 
radial  Doppler  velocity  spectrum  as  described  by  Frisch  and 
Clifford  [I974|.  The  dissipation  rate  shows  a  decrease  with 
height  from  the  ground  to  350  m,  where  it  starts  increasing 
again.  This  increase  occurs  above  the  wind  maximum,  where 
the  magnitude  of  the  wind  shear  (Figure  5)  starts  to  become 
large.  There  is  a  second  increase  in  i  above  850  m,  where  the 
magnitude  of  the  wind  shear  again  increases.  The  lirst  increase 


in  the  dissipation  rate  is  most  likely  to  occur  as  the  result  of 
shear  production  above  350  m.  This  increase  in  the  value  of  e 
in  the  region  from  350  to  800  m  is  also  in  the  same  height  range 
as  the  vortexlike  motion,  and  both  may  be  related  to  the  wind 
shear  in  this  height  range.  The  second  increase  in  t  also  may 
result  from  the  wind  shear  above  850  m.  However,  since  the 
snow  started  at  a  height  slightly  above  1  km,  the  distribution 
of  scatterers  within  the  radar  pulse  volume  might  have  been 
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Fig.  7.  Comparison  of  horizontal  wind  fluctuations  at  approx- 
imately 100-m  height  above  the  radar  base  line  and  terrain  contours 
(where  the  contours  are  in  feet).  The  mean  wind  was  from  the  NNF  at 
approximately  5  m/s. 
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more  inhomogeneous  in  this  region  than  at  the  lower  heights. 
This  could  cause  a  significant  error  in  the  estimaie  oft  in  this 
height  region. 

Summary  and  Conclusions 

By  using  a  dual-Doppler  radar  system  with  snow  as  the  air 
motion  tracer  we  were  able  to  observe  the  three  wind  com- 
ponents in  a  large  volume  of  space  near  the  ground.  After 
mean  wind  velocity  values  were  removed  in  each  horizontal 
plane,  a  complex  structure  of  secondary  motions  was  visible. 
In  that  structure,  numerous  vortices  appeared  with  a  typical 
scale  of  1-2  km.  One  of  these  motions,  with  major  axis  parallel 
to  the  mean  wind,  had  a  cross  section  0.5  km  in  height.  2  km  in 
width,  and  extended  for  more  than  5  km  downward.  This 
motion  occurred  in  a  stably  stratified  atmosphere  at  the  height 
of  a  weak  inflection  point  in  the  lateral  mean  velocity  profile, 
although  the  two-dimensional  horizontal  roll  vortices  pre- 
dicted in  theory  did  not  appear  in  the  weak  mean  flow.  There 
were  many  indications  of  sporadic  production  of  secondary 
flows  with  wavelengths  of  secondary  flow  components  that 
are  in  agreement  with  theory.  LeMone  [1973]  has  found  that 
roll  production  is  sporadic  at  low  mean  velocities,  becoming 
dominant  only  at  larger  mean  flows  (>7  m/s). 


The  Doppler  spectral  width  shows  thai  the  turbulent  dis- 
sipation rate  initially  decreased  with  height  near  the  surface.  In 
a  region  of  shear,  above  the  surface  layer,  the  dissipation  rate 
increased.  The  increase  took  place  near  the  height  of  the  cen- 
ters of  the  ellipsoidal  motions,  becoming  relatively  large  to- 
ward the  top.  This  suggests  the  generation  of  nonsurface  layer 
turbulence  associated  with  shear  aloft. 
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A  Note  on  the  Behavior  of  the  Temperature  Structure  Parameter 
in  a  Convective  Layer  Capped  by  a  Marine  Inversion 

A.  S.  1-"kis(  ii  and  (I.  R.  ( H  ns 

.V  0.1.1    I.KI.  Wan-.  Propagation  Laboratory,  Boulder,  Colo.  ,Si)3l)2 
12  April  1974  and  2  December  1074 

ABSTRACT 

Aire  rati  measurements  of  (  ;-  in  an  unstable  marine  boundary  layer  suggest  a  modification  of  the  sur- 
face layer  free  convection  model.  This  modification  is  given  by  a  function  of  2  ;,,  where  2  is  the  observa- 
tion height  and  s,  the  height  i<>  the  inversion  base.  This  variation  "f  (V  with  height  may  be  expressed  as 
c'l"[l+0.84(3/:,)+4.13(;/u,)2]  for  0  :$  z/s,  ^  0.8. 


1.   Introduction  r. muter   C,r    (Tatarski,    1961)    is   related    to   the   leni- 

.,„                         .....  pcraturc  structure  (in  a  drv  atmosphere)  bv 
I  he  o|)ltmum  design  ol  optical  systems  lor  outdoor 

use    requires    knowledge    of    the    turbulence    and    the  ( 'r'=  (79X  10"  c'l',  T-)' ~'2C,r 
associated   refractive  index   fluctuations  of   the  atmo- 
sphere.   The    relevant    refractive  -index    structure    pa-  where  /'  is  the  pressure  and  T  the  temperature  of  the 


312 


416 


JOURNAL     ill      A  P  PL  IK  I)     MKTKOROLOGY 


VoLfME  1  4 


IU 

:           ' 

: 

I02 

- 

•  ' 

10 ' 

1 

.     '    i    '    • 

1 

•  !  ;  •   : 

in  4 

•  •  : 

10 


10' 


10 


Height  (meters) 
Fig.  I.  Variation  of  CV2  with  z/z,  for  all  measurements. 

atmosphere.  The  temperature  structure  constant  can 
be  determined  from  temperature-fluctuation  measure- 
ments. In  the  presence  of  water  vapor,  the  description 
of  CV  is  more  complicated  (Gossard,  I960)  and  may 
require  consideration  of  the  correlation  or  anti-cor- 
relation of  the  fluctuations  of  temperature  and  water 
vapor  (Friehe  el  al.,  1972). 

The  behavior  of  Cr1  as  a  function  of  other  meteoro- 
logical variables  in  the  atmospheric  surface  layer,  or 
constant-flu\    layer    (about    10    to    100  m    deep),    has 


been  studied  by  Wyngaard  el  al.  (1971).  Their  mea- 
surements show  that  Cr2  is  a  function  of  the  Richardson 
number,  defined  by 

Ri  =  (%/f)(dd/dz)/(du/dz)\  (1) 

where  g  is  the  acceleration  of  gravity,  T  the  mean 
temperature,  dd/dz  the  mean  potential  temperature 
gradient,  and  dii/dz  the  mean  wind  speed  gradient. 

Ri  can  be  related  to  the  height  z  above  the  surface- 
through  a  nondimensional  parameter  z/L  (Businger 
el  al.,  1971),  where  /.  (the  Monin-Obukhov  length) 
is  defined  as 

-u*3T 


kgQ 


(2) 


Here  /<*  is  the  frictional  velocity  scale,  k  the  von 
Karman  constant,  and  Q  the  surface  temperature  flux. 

The  purpose  of  this  note  is  to  show  that  a  similar 
relation  can  apply  to  heights, above  the  surface  layer. 
We  use  measurements  of  Cr2,  taken  by  an  instru- 
mented aircraft  over  the  ocean  in  the  vicinity  of  a 
floating  instrument  platform  (Flip).  Simultaneous 
measurements  made  on  Flip  determined  the  Monin- 
Obukhov  length. 

The  temperature  sensor  mounted  on  the  aircraft 
was  a  platinum  resistance-wire  thermometer  with  high- 
frequency  response  (Ochs  and  Lawrence,  1972).  The 
measurements  from  Flip,  100  km  off  the  coast  of  San 
Diego,  were  made  by  personnel  from   the  University 


TABLE  1.  Measured  values  of  CV2  C(°t'2  nT2'3)  X  10s]. 


Date 
(1972) 

Time 

(ml 

30  m 

60  m 

80  m 

120  m 

1 50  in 

Cr' 
180  m 

210  in 

240  m 

270  m 

300  m 

330  m 

23  Feb 

1717 
1747 

360 
360 

2.1 
2.2 

1.2 
1.0 

0.84 
0.63 

0.48 
0.33 

0.58 
0.36 

24  Feb 

1452 
1539 

240 
240 

0.78 
0.90 

0.40 
0.23 

0.23 
0.20 

0.23 
0.20 

0.40 
0.19 

25  Feb 

1345 

1440 

240 
240 

0.36 
0.4X 

0.20 
0.23 

0.20 
0.20 

0.14 

0.20 

0.12 
0.17 

27  Feb 

0640 
0656 

270 

270 

1.44 

1  .33 

0.78 
1.2 

0.68 

28  Feb 

0642 
0715 

330 
330 
330 

2.4 
2.4 
2.4 

1.2 

0.78 
0.84 

0.58 
6.9 

0.44 

0.44 

28  Feb 

1301 
1339 

510 
510 

1.7 
1.6 

0.78 
1.0 

0.53 
0.4 

0.40 
0.44 

0.40 
0.25 

20  Apr 

1224 
1327 

240 
240 

1.5 

1.4 

0.78 
0.73 

0.73 

0.40 

0.36 

0.44 

2.2 

4.2 

20  Apr 

1 750 

1833 

210 

1.5 
1.7 

1.4 

3.5 

27.2 
22.5 

0.02 

21  Apr 

1234 
1318 

270 

2.3 
1  5 

0.84 
11 

0.44 
0  63 

0.53 
18 

4.0 
13.2 

14.4 

0.44 

1800 
1856 

270 

1.4 
0.73 

0.78 
0.58 

0.40 
0.32 

0.32 

0.19 

0.23 

0.48 
0.58 

!  4 
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of  California  at  San  Diego.  Five-minute,  level  flights 
past  Flip  were  made  at  various  altitudes  below  and 
through  the  marine  inversion.  The  lowest  flights  were 
30  m  above  the  water.  The  height  of  the  marine 
inversion  was  determined  by  climbing  flights. 

2.  Results  and  discussion 

The  times,  dates  and  measured  values  of  CV  ap- 
pear in  Table  1,  and  a  plot  of  CV  vs  height  is  shown 
in  Fig.  1. 

During  the  times  of  measurement,  the  boundary 
layer  was  unstable,  with  a  Monin-Obukhov  length  of 
~— 30  m  (Friehe,  1972,  personal  communication). 
Above  the  boundary  layer,  there  was  an  inversion 
layer  with  a  height  varying  from  210  to  510  m.  lie- 
cause  of  these  conditions,  we  consider  it  reasonable 
to  adopt  the  results  of  Wyngaard  et  al.  (1971)  near 
the  surface,  modifying  it  empirically  in  terms  of  the 
ratio  of  height  to  inversion  base  height,  s  'z,. 

When  L~  —30  m  it  was  found  bv  Wyngaard  et  al. 
(1971)  that 

CV  =  [4/(3&M](7~  g)'(T^')'z'',     for  -7*'£»1.     (3) 

where  w'6'  is  the  covariance  between  the  fluctuations 
of  the  vertical  velocity  component  w'  and  of  tem- 
perature 6'.  If  z,,  the  height  of  the  inversion  base,  is 
another  relevant  scaling  parameter  (see,  for  example, 
Deardorff,  1972),  then  proceeding  in  a  manner  similar 
to  that  of  Wyngaard  el  al.,  we  may  modify  hi^  Eq.  (3) 
by  using  an  additional  similarity  function,  G(z  z,). 
Thus,  Fq.  (3)  becomes 


CV=  [4/(3*!)](?/g)i(w>0,)«srS&'(s  si). 


(4) 


where  G(z  c,)  =  l  for  z  c,«l,  because  we  require  that 
(4)  reduces  to  (3)  in  the  surface  layer. 

To  test  the  validity  of  Fq.  (4),  we  normalize  each 
series  of  measurements  to  those  at  the  lowest  height, 
30  m  for  this  series  of  runs.    (.'sing   Fq.    (4)   we  have 


ty-'(c'c)       G(z/zd 


CV(30/s,)     G(30 


=i(  = )  . 

';,)\3(>/ 


(5) 


because  30  s,  £0.15  for  all  our  measurements,  we  tan 
assume  that  (7(30  c,)~1.0.  Thus  we  can  use  (5)  to 
line]  G(z  zt),  i.e., 

Ct1(z/zj 

G(z/z,)  = (z  30)5. 

CV(30/z,) 

A  plot  of  CV  vs  z  is  shown  in  Fig.  1.  In  Fig.  2  we 
plot  G{zz;)  vs  z  z,.  By  using  this  transformation,  the 
scatter  is  reduced  significantly  over  that  shown  in 
Fig.  1.  For  z  Z,->0.  with  the  constraint  that  (,"(())  =  1, 
a  least-squares  fit  for  the  data  yields 

G(s/z,)«1.0+0.84(2'Z,)+4.13(=  :,)-', 

for  0<3/2,<0.8.     (6) 


FlG.  2.  Variation  of  C{z/D)  with  zlD  for  all  measurements. 
This  would  give 
CV=[4  (3/c')](7"^)K^7)?c-' 

X[1.0+0.84(2/z,)+4.13(2/s1)2], 

for  O^z/Zi^O.S.     (7) 

There  is  a  significant  departure  from  a  z"'  law  for 
values  of  z c>0.1.  This  indicates  that  the  atmosphere 
is  no  longer  in  the  "free  convection"  regime,  but  is 
affected  by  the  lid  on  the  convective  layer  at  z,.  This 
effect  would  restrict  the  integral  scale  of  the  turbulent 
temperature  fluctuations  with  height  compared  to  the 
free  convection  value.  In  addition,  because  of  the 
large-scale  circulation  and  mixing,  the  temperature 
variance  should  be  greater  than  the  free-convection 
variance.  These  effects  will  increase  the  value  of  CV 
relative  to  the  free-convection  prediction. 

The  scatter  of  G(z  z,)  vs  z  z,  is  most  likely  caused 
by  uncertainly  in  ;,,  which  was  obtained  from  the 
aircraft  sounding.  By  definition,  z,  is  the  height  where 
(id  dz  =  0.  Acoustic  echo  sounding  observations 
(Wyckoff  el  al.,  1973)  of  shallow  inversion  layers 
indicate  oscillations  of  about  100  m  amplitude.  Such 
oscillations  would  cause  an  appreciable  error  in  the 
determination  made  from  an  airplane,  especially  for 
the  smaller  values  of  z;  (^210  m). 

Since  Cr-<zz~'>G(z<  z,),  one  would  expect  G(z/zi)  to 
decrease  as  z/Zi  approaches  1.  The  fact  that  G(z/zi), 
shown  in  Fig.  2,  does  not  become  small  near  s/s,  =  l, 
could  be  the  result  of  two  factors.  The  abrupt  transi- 
tion of  G(z  si)  at  s  z,  =0.8  seen  in  Fig.  2  could  result 
from  a  combination  of  convective  mixing  in  the 
boundary  layer  and  the  large  temperature  gradient 
above  this  transition  which  should  lead  to  a  large 
temperature  variance  above  the  inversion  base  that 
diffuses  downward.  In  addition,  the  spatial  variability 
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j-'io.  3.  An  example  of  an  acoustic  sounding  in  a  conveetive  layer  capped  b\  an  inversion. 
'he  backscattered  signal  intensity  is  proportional  to  the  degree  of  darkening  in  the  record, 
'his  intensity  is  also  a  funi  tion  of  ('v. 


of  the  inversion  base  height  and  the  fact  that  the 
aircraft  traverses  a  large  horizontal  distance  as  it 
passes  through  the  base  would  lend  to  produce  a  large 
temperature  variance.  Fig.  3,  taken  from  Frisch  and 
Clifford  (1974),  shows  an  example  of  an  acoustic  echo 
sounding  taken  in  a  convective  boundary  layer  capped 
by  a  stable  inversion.  The  backscattered  intensity  is 
presumably  proportional  to  c'r'.  Thus  the  dark  lower 
part  of  the  record  (region  A)  corresponds  to  high 
values  of  Cr'1,  while  the  lighter  part  of  the  record 
(region  B),  which  is  changing  height  with  time,  shows 
very  low  values  of  CV.  In  B,  dd  dz~0,  while  the 
strong  echo  above  occurs  in  the  region  of  a  large- 
positive  temperature  gradient  in  the  lower  part  of 
the  inversion  base.  The  height  of  the  weak  echo  cor- 
responding to  the  layer  adjacent  to  and  just  below 
the  inversion  base  (region  B)  changes  with  time.  This 
time-height  variability  is  partially  related  to  some- 
horizontal  variability  in  the  height  of  the  inversion 
base.  Hence  horizontal  measurements  of  C'r'3  by  an 
instrumented  aircraft  near  an  inversion  base  could  be 
in  error.  Thus  in  the  neighborhood  of  s  s,  =  l.(),  out- 
values of  G(z/zi)  may  be  incorrect.  Since  the  scatter 
in  the  data  up  to  z  c,~0.8  is  relatively  small,  we 
used  only  the  values  of  G(z  s,0  for  ()$='=,■<  0.8  for 
our  lit  of  the  data. 

Tsvang  (1969)  reported  a  z~*  height  dependence  of 
C-r  up  to  500  m  over  land.  His  measurements  could 
be  explained  if  they  were  made  when  the  inversion 
was  considerably  higher  than  the  marine  inversion 
layer  off  San  Diego.  Over  land,  the  height  of  the 
inversion  base  capping  the  mixed  layer  is  typically  1 
or  2  km  (e.g.,  Lenschow,  1970). 

3.  Conclusions 

We  have  extended  the  surface  layer  analysis  of 
Wvngaard  el  al.  (1971)  to  0.8  times  the  height  of  the 


inversion  layer  by  use  of  a  function  involving  zlz, 
where  z,  is  the  height  of  the  base  of  the  inversion 
laver.  The  resulting  variation  of  Cr2  with  height  was 

X[1.0+0.84(*/*1-)+4.13(*/*()1]. 

Because  of  potential  errors  in  determining  z,,  the  valid 
range  for  this  relationship  should  be  restricted  to 
O^s  Si^0.8. 
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ABSTRACT 

Root-mean-square  error  statistics  were  applied  l<>  lower  wind  data  to  find  the  optimum  average  times 
of  the  wind  and  azimuth  to  be  used  a^  predii  tors  ol  a  2 -in in  mean  wind  speed  and  direi  lion,  0-10  min  in  the 
future.  The  data  were  divided  into  classes  of  stable  and  unstable  boundary  layers,  and  although  the  pre- 
dii lability  was  the  same,  I  he  results  showed  I  he  difference  in  the  fre(|Uen<  \  distribution  of  the  atmospheric 
wave  st rue  lure  for  stable  and  unstable  conditions.  As  opposed  i<>  the  com  lusion  of  previous  studies,  beyond 
the  1-niin  forecast  interval,  simple  persistence  is  the  best  predictor  of  both  ihe  wind  speed  and  direction 
at  the  three  levels. 


1.  Introduction 

The  advent  of  more  sophisticated  and  larger  aircraft, 
along  with  a  large  increase  in  air  traffic  at  the  world's 
airports,  has  made  wind  data  near  runways  more 
important.  In  addition  to  real-time  winds,  there  is  a 
need  for  predicting  winds  several  minutes  ahead  in 
lime;  allowing  the  pilot  to  anticipate  the  wind  speed 
and  direction  at  touchdown  while  he  is  still  on  his 
approach,  and  thus  make  corrections  that  will  better 
insure  a  safer  landing. 

The  International  Civil  Aviation  Organization 
(ICAO)  Fifth  Air  Navigation  Conference  (1967) 
defined  the  surface  wind  given  to  the  pilot  as  a  2-min- 
mean  wind  direction  and  speed.  This  information  is 
provided  when  a  pilot  is  in,  or  near,  the  traffic  pattern. 
It  would  be  more  desirable  if  a  prediction  of  the  con- 
ditions at  touchdown  (a  few  minutes  later)  could  be 
given.  Hardware  for  on-line  analog  averaging  exists 
(Koren,  1972),  and  it  remains  to  find  a  predictor  of  the 
2-min  averaged  winds. 

Simple  persistence  values  have  been  used  with  root- 
mean-square  (RMS)  statistics  for  evaluating  pre- 
dictions with  relatively  long-term  forecast  schemes 
(Thompson,  1961).  Rachelc  and  Armcndari/  (1967) 
used  root-mcan-square  error  (RAISE)  statistics  for 
short-term  prediction  and  found  that  6-min  averaged 
wind  speeds  and  directions  measured  within  1  min  of  a 
rocket  launch  were  their  best  predictors  of  a  4-scc  mean 
wind  4.2  m  above  the  ground.  Csing  towers  aligned 
nearly  parallel  with  the  average  wind  direction, 
Armendariz  and  Lang  (1%8)  found  a  1-min  wind 
average  to  be  a  good  predictor  up  to  a  lag  of  1  min; 
beyond  that,  the  4-  or  5-niin  average  was  preferable. 
Employing  tower  winds  and  assuming  the  descending 
path  of  an  aircraft,  Sparks  and  Keddie  ( 1  <■> 7 1 )  showed 


that  the  minimum  error  is  made  when  a  4-5  min  average 
wind  is  used  for  a  10-min  forecast  interval. 

In  general,  wind  sensors  are  not  located  at  the  point 
of  aircraft  touchdown.  Armendariz  and  Lang  suggest 
the  sensor  should  be  located  at  an  average  upwind  or 
downwind  location,  a  difficult  situation  for  a  multiple 
runway  airport.  It  is  encouraging  to  note  that  Ito 
(1%8)  demonstrated  remarkable  horizontal  homo- 
geneity of  low-level  winds  for  distances  of  a  few 
kilometers.  His  results  suggest  that  a  single  point 
sensor  ma\  be  acceptable  for  most  airports. 

The  statistical  method  used  in  this  study  precludes 
predicting  sudden  changes  in  wind  speed  and  direction 
caused  by  migratory  synoptic  phenomena,  such  as 
occurs  in  the  vicinity  of  thunderstorms  or  frontal 
activity  (Donald  Lenschow,  personal  communication). 
Important  parameters  to  include  for  the  prediction  of 
wind  during  such  occurrences  would  be  surface  pressure 
and  vorticily  changes,  which  should  have  a  statistical 
relation  to  short-period  wind  changes.  The  precise 
relation  would,  of  course,  be  very  difficult  to  obtain. 
Although  these  parameters  may  improve  the  prediction 
techniques,  they  would  also  be  somewhat  difficult  to 
measure  and  include  on-line  at  an  airport. 

The  same  results  that  will  be  presented  here  may 
possibly  be  obtained  from  a  careful  power  spectra 
analysis  of  wind  speed  and  direction.  However,  the 
intent  of  this  stud\  is  to  present  a  simple  on-line  method 
of  wind  analysis  at  airports,  with  the  results  discussed 
as  a  check  on  the  validity  of  this  method. 

2.  Method  of  analysis' 

Wind  data  from  three  levels  (M),  l>\  and  152  m)  of  a 
tower  at  Haswell.  Colo.,  were  sampled  at  a  rate  of  1  Hz, 
separated    into    high-    and    low-variance    cases,    corre- 
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spending   lo  stable  and   unstable   thermal   structures 
(Singer  and  Smith,  1953). 

Predictability  was  determined  b\  using  an  RMSK 
approach  normalized  by  the  standard  deviation  of  the 
2-min  running  average,  represented  by 


{-[.r,- v,(r)}'   .V}! 


r(l,r)=- 


vvhere  .»■_■  is  the  2-min  running  average  of  the  wind  speed 
or  direction,  the  variable  we  wish  to  predict.  The  x, 
value  is  the  (5,  1.  2,  3,  4,  5  min)  running  average  of  the 
wind  speed  or  direction,  a>  is  the  standard  deviation  of 
the  2-min  running  average,  and  A"  the  number  of  data 
points.  Using  the  above  equation  and  lagging  .v_>  from 
.v((t)  for  times  (t)  of  0  to  10  min  (the  forecast  interval) 
at  1-niin  increments,  a  total  of  11  R.MS  errors  for  each 
of  the  six  running  averages  were  collected.  With 
.v,(t)  =  .Vo,  the  RMSK  values,  r(2,  r).  for  the  various 
forecast  intervals  (r)  represent  the  "persistence" 
values  or  simply  the  error  between  the  actual  2-min 
average  of  the  wind  speed  or  direction  and  the  2-min 
mean  extrapolated  ahead  in  time.  The  forecast  interval 
is  from  the  end  of  the  period  of  the  current  average  to 
the  beginning  of  the  period  of  the  2-min  mean  verifving 
wind  speed  or  direction  (Fig.  1).  Standard  deviations 
from  the  average  of  all  the  sample  R.MSK  values, 
r(l,  t),  in  each  of  the  two  variance  classifications  and 
lor  each  value  of  /  and  t  were  calculated  and  tested  for 
significance  with  the  standard  one-sided  /-test, 

3.   Discussion  of  results 

Table  1  shows  the  hourh  averaged  5-min  running 
wind  speed  variance  for  the  high-  and  low-variance  cases 
at  each  level.  High  and  low  variances  are  separated  by 
ncarh  an  order  of  magnitude.  The  averages  of  the  high 


Taiii.f   1.  Sample  average  of  l  he  hourh    averaged  high  and  low 
5-min  running  wind  speed  variances  separated  l>y  level. 


bevel 

(m) 


1  low-variance 

samples 
(m2  sec-2) 


8  high-variance 

samples 
(m2  sec  2) 


30 
ui 
152 


0.034 
0.053 
0.032 


1.187 
0.507 
0.707 


variances  show  a  marked  decrease  in  magnitude  above 
the  30  m  level.  This  is  reasonable  in  that  gustiness 
decreases  with  height  in  an  unstable  atmosphere 
(Monahan  and  Armendariz,  1971;  Fichtl  ct  at.,  1%(>; 
Davis  and  Xewstein,  1%8). 

The  12  cases  were  categorized  as  follows: 

1)  Three  levels  (30,  91,  152  m). 

2)  Wind  speed  and  direction. 

3)  High  and  low  variance. 

The  RMSK  statistics  were  computed  using  Eq.  (1)  for 
each  ol  the  above  cases  tor  six  running  averages 
(■>,  1,  2,  3.  4,  5  min)  and  at  forecast  intervals  from  0  to 
Id  min  at  1-min  intervals. 

Onh  the  four  cases  for  the  30  m  level  are  presented 
here,  since  the  results  are  similar  for  each  of  the  respec- 
tive cases  at  the  two  higher  levels.  Each  of  the  following 
graphs  contains  six  curves,  one  for  each  running  average. 
The  first  two  graphs  are  averages  of  the  8  high-variance 
samples  and  the  next  two  are  averages  of  the  11  low- 
variance  samples.  <  )ne  standard  deviation  is  represented 
by  the  bars  on  the  persistence  curves  as  well  as  by  bars 


345 

Forecast  Interval 

In..  1.  Normalized  RMSK  of  the  wind  speed  from  Ya\.  (1)  for 
eat  li  forecast  interval  at  the  30  m  level  (averaged  over  the  S  high- 
variance  samples)  The  vertical  bars  are  the  lo  sample  averages, 
using  2-min  running  means  1  persistence). 
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on  the  ',-  and  1-min  running  average  curves  at  the 
1-niin  forecast  interval.  To  avoid  confusion,  the 
standard  deviation  bars  for  the  i-min  averages  have 
been  offset  slightly  to  the  left. 

Fig.  2  (high  variance,  M)  m  level  wind  speed)  shows 
that  the  '.-  and  1-min  running  averages  are  better 
predictors  of  the  2-min  mean  wind  out  to  about  the 
2-min  forecast  interval.  After  this,  the  curves  cross  and 
the  3  5  min  averages  drop  below  persistence,  becoming 
better  predictors  out  to  the  10-min  forecast  interval. 

Results  for  wind  speed  and  direction  were  essentially 
the  same  at  the  higher  levels  except  for  the  point  the 
curves  cross  the  persistence  line.  Note  the  similarity 
between  the  high-variance  wind  speed  (Pig.  2)  and  the 
high-variance  wind  direction  (Fig.  3).  The  graphs  for 
the  low-variance,  M)  m  level  wind  speed  and  direction 
(see  Figs.  4  and  5)  look  dramatically  different  from 
those  for  the  high  variance.  The  departure  between 
high  and  low  variance  can  be  explained  by  the  difference 
in  the  frequency  distribution  of  the  atmospheric  wave 
structure  between  the  stable  and  unstable  boundary 
layer.  The  high-  and  low-variance  criterion  has  clearly 
separated  the  two  stability  classifications.  The  stable 
boundary   layer  nearly   always  contains  waves,   com- 
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Fig.  3.  \s  in  Fig.  2  except  for  wind  direction  (averaged  over 
ihe  8  high-variance  samples). 


0123456789  10 

Forecast  Interval  (minutes) 

Fig.  4.  As  in  Fig.  2  except  fur  wind  speed  (averaged  over 
the  1 1  low-variance  samples). 

monly  with  periods  anywhere  from  4  to  10  min  (Hooke 
el  al.,  1M72).  For  moderate  wind  speeds,  the  spectra  of 
turbulence  near  the  surface  (Kaimal  el  al.,  1°72)  have 
shown  maximum  energy  for  the  periods  corresponding 
to  those  of  the  gravity  waves.  Superimposed  on  these 
lower  frequency  waves  are  higher  frequency  oscillations 
with  less  energy  content.  The  apparent  correlation 
between  the  |-  and  1-min  running  averages  with  the 
2-min  presistence  could  well  be  due  to  the  fact  that  the 
longer  period  oscillations  are  not  filtered  out.  Gravity 
waves  are  also  present  in  the  "persistence"  time  series, 
but  most  of  the  gravity  wave  energy  has  probably  been 
filtered  out  with  the  3-5  min  running  averages.  For 
this  reason,  the  comparison  between  persistence  and 
these  longer  averages  is  not  good  at  the  various  forecast 
intervals,  shifting  these  turves  above  the  persistence 
value  on  the  low-variance  graphs. 

The  crossing  of  persistence  by  the  high-variance 
curves  is  a  more  difficult  feature  to  explain.  Kaimal 
t7  <//.  show  that  shorter  period  oscillations  during  an 
unstable  regime  contain  more  energy  than  shorter 
oscillations  during  stable  periods.  This  greater  energy 
occurs  at  periods  of  about  2  min.  Kaimal  el  al.  also 
show    that    longer    period    waves    contain    even    more 
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I'ic.  5.  As  iii  Fig.  2  except  fur  wind  direction  (averaged  over 
the  11  low -variance  samples). 


energy  than  the  shorter  periods  when  the  boundary 
laver  is  unstable,  and  much  more  energy  than  the 
corresponding  longer  periods  in  the  .stable  atmosphere. 


According  to  a  hypothesis  raised  by  Businger  (1072), 
these  larger  scale  oscillations  may  be  induced  by  con- 
vective  activity  with  periods  of  many  minutes,  which 
may  not  be  filtered  out  even  by  our  largest  averaging 
periods.  Table  1  indicates  that  we  have  separated  the 
data  into  quite  stable  and  quite  unstable  boundary 
layer  cases.  Nevertheless,  we  cannot  rule  out  the 
possibility  that  some  of  the  low-frequency  energy  mas- 
be  caused  by  roll  vortices  which,  if  they  occur  at  all, 
are  nearly  always  embedded  in  the  near-neutral  or 
slightly  unstable  boundary  layer  with  moderate  to 
strong  wind  (Le.Mone,  1972).  For  small  forecast 
intervals,  the  K.MSE  may  be  low,  since  the  small-scale 
oscillations  have  not  been  completely  filtered  out.  If 
the  shorter  time  oscillations  are  not  periodic,  then  at 
longer  forecast  intervals  the  lag  correlation  becomes 
low  for  shorter  averages,  and  the  curves  eventually 
cross  above  the  persistence  line.  Short  periods  have  been 
filtered  out  by  the  3-5  min  running  average.  At  the 
shorter  forecast  .intervals,  the  RAISE  of  the  longer 
averages  is  not  good.  For  longer  intervals,  the  longer 
periods  are  the  dominant  lag  correlating  factor  and 
the  comparison  with  persistence  becomes  relatively 
good. 

Tables  2  and  3  show  the  significance  of  the  data  for 
the  predictability  conditions  on  the  2-min  mean  wind 
speed  and  direction  using  the  /-lest.  We  can  say  with 
90%  confidence  that  the  '.-  or  1-min  averages  are 
better  predictors  than  persistence  of  the  2-min  averaged 
wind  speed  and  direction  1  min  ahead.  The  exception 
is  the  91  and  152  m  high-variance  wind  direction  where 
the  confidence  of  the  £-min  average  drops  below  90%. 
In  general,  the  1-min  averaged  wind  speed  and  direction 
gives  slightly  belter  confidence  of  prediction  than  the 


Taiii  i  3.  Accepted  data  from  the  /-test  fur  the  running  average 
kss  than  persistence  at  the  90%  confidence  level  for  the  low- 
variance  < ase  containing  11  sample's  (cutoff  at  /=  1.372). 
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l-min  average.  For  the  M)  m  low-variance  wind  speed,  teristics  of  atmospheric  turbulence  as  related  to  wind  loads 
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Storm 

Many  recent  advances  in  (he  understanding  ol 
severe  thunderstorms  and  in  the  ability  ol  meteor- 
ologists to  forecast  them  How  Irom  developments 
in  the  new  held  ol  meteorological  remote  sensing. 
Radar  is  an  example  of  an  active  remote  sensor:  in 
storm  research,  Doppler  radars  illuminate  storms 
with  microwave  electromagnetic  energy  and  pro- 
cess the  echoes  to  chart  air  currents  inside  storms. 
Electromagnetic  sensors  are  also  used  passively  to 
listen  to  waves  that  the  storms  themselves  emit. 
For  example,  a  kind  of  radio  receiver  that  monitors 
the  "atmospherics"  emit.ed  by  lightning  strokes 
and  other  electrical  activity  inside  storms  is  now 
being  developed  into  a  tornado-warning  device. 
Even  satellite  photography,  used  for  tracking 
storm  activity  on  a  global  scale,  might  be  called  a 
passive  optical  (or,  in  some  cases,  infrared)  re- 
mote-sensing tool. 

Still  another  remote-sensing  technique  that  has 
been  recently  used  to  study  severe  storms  meas- 
ures their  emissions  of  ultra-low-frequency  acous- 
tic waves  called  infrasound  (Fig.  1).  At  the  mo- 
ment, no  one  knows  why  certain  storms  radiate 
infrasound  and  others  do  not,  but  scientists  at  the 
National  Oceanic  and  Atmospheric  Administra- 
tion (NOAA),  who  have  been  observing  the  waves 
for  more  than  a  decade,  are  trying  to  find  out  what 
these  waves  can  reveal  about  the  internal  dynam- 
ics of  storms,  and  whether  the  emissions  have  any 
practical  value,  specifically  as  advance  indicators 
of  storm  severity 

Pressure  waves.  Infrasonic  waves  are  pressure 
fluctuations  that  travel  in  the  atmosphere  at  essen- 
tially  the  local  speed  of  sound  — about  340  m/sec 
under  standard  conditions  —  but  their  frequencies 
lie  below  the  nominal  20-Hz  limit  of  human  hear 
ing.  The  infrasound  from  severe  storms  typi'calK 
has  wave  periods  in  the  tens  of  seconds;  one  usu- 
ally speaks  of  wave  period,  the  duration  of  1  wave 
cycle,  when  the  frequency  of  the  wave  is  below 
1  Hz.  Since  atmospheric  absorption  is  much  lower 


at  these  frequencies  than  it  is  for  audible  sound. 
infrasound  can  travel  great  distances  with  in 
loss  of  strength.  Thus,  the  infrasound  from  sotm 
severe  storms  has  been  detected  several  thou 
sands  of  kilometers  from  its  source,  and  waves 
from  more  powerful  sources,  like  nuclear  bombs 
have  been  detected  after  several  circuits  around 
the  Earth. 

Because  the  pressure  fluctuations  associated 
with  the  waves  that  storms  emit  are  very  weak- 
only  about  one- millionth  of  an  atmosphere  — arra\s 
of  very  sensitive  microphones  (called  microbaru 
graphs),  with  special  filters  to  reduce  the  noise 
caused  1,;  wind,  are  required  to  detect  them.  Even 
then,  pressure  fluctuations  must  be  cross-corre- 
lated between  several  microphones  before  the 
storm's  signal  is  recognizable  (Fig.  2k 

Ionospheric  waves.  Acoustic  waves  from  se- 
vere thunderstorms  can  also  travel  into  the  upper 
atmosphere  and  cause  observable  effects  by  mov- 
ing its  layers  ol  electrically  charged  ions  up  and 
down.  These  ionospheric  motions,  occurring  about 
250  km  above  the  Earth,  are  detectable  with  cer- 
tain radio-sounding  devices  that  bounce  radio 
waves  off  the  layers. 

In  1967  NOAA  scientists  first  identified  certain 
peculiar  wavelike  motions  in  the  ionosphere  as  the 
effects  of  acoustic  emissions  from  severe  thunder 
storms.  Since  these  waves  have  somewhat  longei 
periods  than  those  of  the  infrasound  observed  at 
ground  level  — 3-5  min  compared  to  tens  of  sec- 
onds—an  immediate  connection  between  the  two 
effects  was  not  made.  But  recent  theoretical 
studies  of  the  frequency-filtering  effects  of  the 
atmosphere  on  the  two  different  kinds  of  propaga- 
tion path  have  explained  how  the  two  different 
observations  can  be  just  different  manifestations 
of  some  broad-band  emission  process.  Indeed, 
detailed  case  studies  of  storm  events  that  pro- 
duced both  kinds  of  effects  have  lent  credibility  to 
the  hypothesis  of  a  common  emission  mechanism. 

Both  the  ionospheric  waves  and  the  ground-level 
pressure  fluctuations  attributable  to  severe  storms 
are  seen  almost  exclusively  during  the  late  after- 


Fig.  1.  Photograph  of  a  cumulonimbus  near  Boulder. 
CO;  its  top  reached  40.000  ft  (12.200  m).  At  the  time 
this  photograph  was  taken,  infrasound  from  the  direc- 


tion of  the  storm  was  being  recorded  by  NOAA  microbar 
ographs  near  Boulder 
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noon  and  early  evening  of  the  spring  and  summer 
months.  The  average  duration  of  the  emissions  is 
about  2  hr.  The  wave  sources,  when  identifiable, 
seem  to  be  predominantly  in  the  Midwest  — most 
frequently  in  Oklahoma  and  Texas.  Whereas  the 
waves  observed  at  the  ground  generally  contain 
many  superimposed  frequencies,  those  detected  in 
the  ionosphere  invariably  appear  as  nearly  sinusoi- 
dal oscillations  whose  frequencies  are  confined  to 
the  narrow  band  between  2-  and  5-min  wave  peri- 
ods. 

Source  models.  Although  the  exact  emission 
mechanism  remains  unknown,  several  reasonable 
theoretical  models  have  been  advanced  and  are 
currently  being  subjected  In  observational  tests. 
\mong  lliem  are  electrical  mechanisms  lor  gener- 
ating "infrasonic  thunder,"  various  kinds  of  oscil- 
lations in  latent  heal  release  and  ot  air  circulation 
in  slnrm  cells,  and  the  aerodynamic  noise  ol  turbo 
li  in  e  inside  storms.  The  most  promising  mecha- 
nism, in  terms  ol  the  detail  with  which  it  conforms 
in  the  phenomenology  of  the  observed  waves,  is 
drawn  from  the  theory  ol  sound  radiation  from  vor- 
lex  motion.  Whereas  steady  vortex  How  emits  no 
sound,  vortex  How  thai  contains  irregularities,  in 
stabilities,  or  secondary  vortexes  can  be  shown  to 
radiate  acoustically  somewhat  like  the  rotating 
propeller  of  a  Ian.  There  is  ample  evidence  lor  the 
presence  ot  irregular  vortex  How  and  ol  secondary 
vortexes  within  larger  vortex  Hows  in  the  atmo- 
sphere, specifically  in  observations  ol  tornadoes 
and  dust  devils.  But  such  observations  are  rare, 
and  no  specific  instance  has  yet  been  associated 
with  observed  infrasound.  It  seems  likely,  how- 
ever, that  such  visible  effects  represent  only  the 
"lip  ol  the  iceberg."  in  the  sense  that  invisible,  yel 
intense,  vurtex  motion  abounds  in  and  around 
conveclive  storms,  particularly  the  severe  ones 
that    occur    when    squall    lines    pass    through    ihe 

Midwest. 

The  most  powerlul  storms  emit  up  to  100,- 
(KM).(HM)  W  ul  acoustic  power,  equivalent  to  the 
electrical  power  consumed  by  a  city  of  1(X),000:  yel 
the  acoustic  emissions  still  represent  an  insignifi- 
cant fraction  ol  the  lolal  energy  of  a  storm.  Such 
high  power  levels  present  one  difficulty  in  the 
search  lor  a  suitable  source  model. 

Practical  Value.  To  find  out  whether  the  emis- 
sions have  any  practical  value.  NOAA  conducted 
tests  ol  ihe  storm-detecting  abilities  ol  its  sensitive 
microphones  during  the  1972  and  1973  storm  sea- 
sons. During  1972.  with  only  one  array  of  micro- 
phones at  Boulder.  CO.  NOAA  recorded  about  ^6 
infrasonic  events  that  were  subsequently  identi- 
fied as  storm-related  by  comparison  with  indepen- 
dent weather  data.  More  than  hall  of  those  events 
were  identified  with  storms  that  produced  con- 
firmed tornadoes  or  funnel  clouds.  More  than  two- 
tlurds  ol  the  emitting  storms  were  in  Texas.  Okla- 
homa. Kansas.  Nebraska,  or  South  Dakota.  At 
least  87%  of  the  detected  storms  produced  some 
documented  severe  effects,  such  as  large  hail, 
heavy  rains,  high  winds,  and  tornadoes.  In  some 
instances,  when  radar  indicated  a  grouping  of 
storms  with  similar  echo  characteristics  (for  exam- 
ple, echo  heightl.  infrasound  emissions  appeared 
to  select  the  location  of  most  severe  effects  (large 
hail,  heavy  rainfall,  tornadoes). 

During  the  1973  season,  tests  were  conducted 
with  two  additional  infrasound  observatories,  one 
near  Albuquerque.  NM.  and  the  other  near  Rapid 
City.  SD,  to  increase  detection  reliability  and  to 
permit  storm  triangulation  (fig.  3).  Preliminary 
results  indicate  that   well  over  a  hundred  storms 
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Fig.  2.    Superimposed  pressure  versus  time  records  from  four  microbarographs  at 
Boulder,  CO,  during  severe  storm  activity  in  Oklahoma. 


were  detected  and  located  from  bearing  intersec- 
tions of  infrasound  received  by  at  least  two  of  the 
observatories.  More  detailed  analysis  of  these  data 
should  provide  the  information  needed  to  assess 
the  value  of  infrasound  in  simulated  storm-warning 
situations. 

At  least  two  limitations  on  such  practical  uses  of 
inlrasound  are  imposed  by  the  atmosphere  itself. 
One  is  that  the  waves  travel  at  the  relatively  slow 
speed  of  sound,  about  I2IX)  km/hr.  II  the  sensors 
are  located  too  far  away,  their  warning  value  is 
obvmusly  diminished.  The  other  limitation  is  ihe 
distortion  of  the  waves'  propagation  paths  by  atmo- 
spheric winds,  which  can  cause  the  measured 
source  direction  to  differ  by  several  degrees  from 
its  true  direction.  Uncorrected  bearing  intersec- 
tions can  thus  be  up  to  lens  ol  miles  in  error.  II 
atmospheric  winds  arc  roughly  known,  however. 
bearing  corrections  can  be  est  una  lei  I. 

For  background  information  see  Till  M)KI< 
STIIHM;  WkATHKH  KOKKCASTINt;  AND  I'Hhlili :  I  li  >\ 
in  the  McGraw-Hill  Kncyclopedia  ol  Science  and 
Technology.  |l.    M.    <,KOI«,K.s| 

Bibliography:  K.  Davies  and  J.  K.  Jones,  NOAA 
Profess,  fnp.  n„.  (>.  1972:  T.  M.  Georges.  Rev.  Ceo- 
phys.  Sparc  Phys..  1  1 :571  -594.  1973. 


Fig.  3.  Map  of  the  western  United  States  shbwing  the  intersections  of  infrasound 
bearings  from  seven  observatories  (the  seventh  observatory  is  in  College,  Alaska) 
made  on  June  5.  1973,  at  0100  universal  time.  Locations  of  thunderstorm  radar 
echoes  and  their  heights  are  shown  in  the  vicinity  of  the  intersections.  Line  of  radar 
echoes  near  Oklahoma  City  indicates  presence  of  a  squall  line. 
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Dynamic  Stability  of  an  Isentropic  Shear  Layer  in  a  Statically  Stable  Medium 

Eari.  E.  Gossard 

Wave  Propagation  Laboratory,  NOAA/ERL,  Boulder,  Colo.  S0302 
(Manuscript  received  19  July  197.?,  in  revised  form  1  November  197.?) 

ABSTRACT 

Two  theoretical  models  of  shear  layers  in  the  atmosphere  are  examined.  The  conditions  for  their  dynamic 
stability  are  found  and  their  predictions  of  wavelength  to  layer-thickness  ratio  are  compared  with  classical 
models  and  with  available  observational  data.  Although  the  models  are  only  rigorously  applicable  to  in- 
compressible fluids,  it  is  suggested  thai  they  also  represent  conditions  in  the  atmosphere,  and  clear-air 
returns  published  by  Katz  from  the  high-power  pulse  radar  at  Wallops  Island  are  especially  emphasized. 
Model  2  appears  to  be  able  to  account  for  the  narrow  band  characteristic  of  many  of  the  observed  events 
and  also  to  explain  better  than  other  models  the  observed  wavelength  to  layer-thickness  ratios. 


1.  Background 

The  wave  equation  lor  small  perturbations  of  a 
statically  stable,  incompressible  fluid  undergoing  shear 
is  [see  e.g.,  Tax  lor,  1931,  Eq.  (d)] 
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x- 


(m„-C 


—k- 


Mo"      2r«0' 

(m„-C)     mo-C 
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!"(;)  =  ().     (1) 


In  the  above  equation  II' =  [p„(c),  p„]'u',  where  JC  is  the 
vertical  velocity  perturbation,  po  the  ambient  density 
of  the  fluid,  and  ps  the  density  at  some  reference  height 
that  ma\  be  arbitrarily  chosen  within  each  layer. 
This  transformation  replaces  the  more  common  trans- 
formation of  variables  which  only  involves  the  factor 
(pj'\  and  it  retains  the  dimensions  and  approximate 
magnitudes  of  the  variables.  We  have  chosen  to  use  the 
notation  of  Eckart  (1%<>),  for  the  Yaisala-Brunt 
frequency  -A'  and  for  I"  =  (g  2ry!)(l  —  -Y'V,2  g'1).  Since  the 
sound  velocity  cs  for  an  incompressible  fluid  is  infinite, 
F=— .Y-  2g.  Primes  indicate  height  differentiation  of 
the  ambient  velocity  n0  of  the  fluid.  The  phase  velocity 
C  is  defined  to  be  a  k  where  the  solutions  in  .v  and  /  are 
of  the  form  exp  i(kx— <rl).  The  influence  of  compressi- 
bility on  atmospheric  stratification  can  be  included  in 
Eq.  (1)  by  expressing  .V  and  F  in  terms  of  potential 
temperature  instead  of  density,  but  in  applying  it  to 
the  atmosphere  it  is  required  that  terms  in  C  cs  be 
negligible  and  the  acoustic  solutions  are  therefore  lost 
from  the  model. 

In  the  following,  Eq.  (1)  will  be  considered  to  apply 
to  the  atmosphere.  Then  X'2=(g  6)36  dz  where  6  is 
potential  temperature.  Furthermore,  we  will  assume 
i<» "  =  0  (linear  profile)  and  adopt  a  classical  approxi- 


mation that  neglects  the  terms  involving  T.  In  the 
earth's  atmosphere  Y  is  very  small,  being  of  the  order 
of  g  2ce-,  since  the  dimensionless  number  X2c,2/g2  is 
always  fractional.  For  an  incompressible  fluid,  T  is 
precisely  zero  if  N  =  0,  so  under  those  conditions  (1) 
is  just 

dW(z) 

A*nv»  =  0,  (2) 

,/s2 

with  solutions  which  are  some  combination  of  terms  of 
the  form 

jr=ir0e-**.  (3) 

In  order  to  make  the  argument  that  (2)  is  applicable 
in  the  compressible  atmosphere  we  must  justify  the 
neglect  of  2Yuq  /[_Ho{z)—C~]  compared  with  k-  even 
when  uq(z)—*C.  If  we  are  just  concerned  with  the 
neutral  curves,  this  is  most  easily  done  by  permitting 
C  to  have  a  small  imaginary  component,  i.e.,  consider 
conditions  of  some  instability.  Except  for  the  effect  of 
compressibility  on  stratification,  our  model  will  be 
treated  as  incompressible,  and  while  its  applicability 
to  the  atmosphere  is  suggested,  the  precise  conditions 
for  its  justification  are  not  pursued  further.  The  fact 
that  instability  structures  similar  to  those  seen  in  the 
atmosphere  are  also  found  in  the  oceans  implies  that 
compressibility  is  not  the  primary  consideration.  How- 
ever, since  the  atmosphere  is  more  accessible  to  obser- 
vation than  the  oceans,  data  to  check  the  models  come 
mostly  from  the  atmosphere. 

Eq.  (2)  has  been  used  by  many  investigators, 
including  Rayleigh,  Kelvin,  Taylor  and  Goldstein,  to 
study  problems  in  shear  flow.  In  particular,  Rayleigh 
(1894)  examined  the  problem  of  the  stability  of  a 
homogeneous  fluid  undergoing  shear.  Kelvin  (1880) 
described  the  shape  of  the  streamlines  near  the  level 
where  C  =  it0,  deducing  the  now  famous  "Kelvin  cat's 
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I  ■:<;.  1.  Goldstein's  three-layer  model. 

eve"  pattern.  Taylor  (1931)  and  Goldstein  (1931) 
examined  several  multilayer  models;  one  is  shown 
schematically  in  Fig.  1.  Of  course,  the  value  oi  these 
models  arose  from  the  fact  that  simple  solutions  such 
as  Eq.  (3)  could  he  assumed.  When  the  dynamic  and 
kinematic  boundary  conditions  at  the  layer  boundaries 
were  satisfied,  eigenvalue  equations  for  the  model  were 
obtained  which  were  then  examined  to  determine  the 
stability  of  perturbed  flows.  Models  such  as  that  in 
Fig.  1  were  not  physicalh  realistic,  but  were  useful 
in  providing  insight.  For  example,  they  demonstrated 
the  importance  of  layer  thickness  on  shear  wave 
instability. 

On  the  other  hand,  a  model  with  no  shear  in  which 
:Yj^()  has  the  wave  equation 


r/sl 


dz- 


-lA  l ir  =  o, 


where,  in 


L'neral, 


»  =  *[C*-«o(*)], 


(4) 


(4a) 


but  in  the  shearless  model  ua  is  constant. 

Like  Eq.  (2),  this  equation  has  simple  solutions,  i.e. 
of  the  form 


]F  =  ir0ex-p{-£[l-(A-yco:)>}. 


(51 


Unlike  the  Taylor/Goldstein  model  of  Fig.  1,  this  "no 
shear"  model  can  include  the  static  stability  (in  terms 
of  A")  in  all  layers  of  the  model  shown  in  Fig.  2.  It  was 
treated  by  Gossard  and  Munk  (1954)  who  used  it  to 
analyze  gravity  waves  in  the  lower  atmosphere  in 
Southern  California.  They  found  the  eigenvalue 
equation 


7,rtnh(27,A//)  = 


-yr  —  7i7;)  ctnh(7,//) 
7i  ctnh(71//)+73 


(6) 


where  y  =  k(l—X-,  or)'-  and  the  subscripts  on  7  go  with 
those  on  A".  For  a  model  in  which  //=»  and 
Ni=Ni  =  N,  Eq.  (6)  becomes 


clnh272A//: 


72+Yr 
2772 
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For  models  of  interest,  A"i  or  A*2  are  greater  than  co  so 
that  71,  72,  or  both,  are  pure  imaginary.  If  wind  shear 
is  included  in  a  model  like  that  of  Fig.  2,  waves 
generated  within  the  region  of  shear  are  either  un- 
stable or  cannot  exist  if  their  phase  velocity  is  any- 
where equal  to  the  wind  speed  (e.g.,  Scorer,  1951). 
Much  effort  has  gone  into  the  analysis  of  models  with 
wind  shear  across  such  stable  layers  in  an  effort  to 
determine  the  range  of  initial  instability  and  the  most 
unstable  wavenumber  at  the  onset  of  instability.  We 
mention  recent  papers  such  as  Miles  and  Howard 
(1964)  who  analyzed  a  model  with  profiles  made  up 
of  linear  segments,  Drazin  (1958)  who  analyzed  a 
hyperbolic  tangent  wind  profile  and  an  exponential 
density  profile,  and  Holmboe  (I960)  who  analyzed 
profiles  both  of  which  were  hyperbolic  tangent  inform. 
All  such  studies  are  mathematically  difficult  because 
of  singularities  at  the  critical  level,  where  C  =  ii»,  which 
require  some  form  of  solution  of  a  hypergeometric 
differential  equation.  If  the  results  of  such  analyses  of 
the  linearized  equations  [such  as  Eq.  (1)  J  are  applicable 
to  the  real  atmosphere,  they  are  likely  to  apply  only 
at  the  onset  of  a  disturbance  when  the  perturbations 
are  still  very  small.  The  whole  subject  of  shear  in- 
stability is  very  completely  summarized  by  Drazin 
and  Howard  (1966). 

Many  of  the  recent  results  were  anticipated  in 
earlier  papers  by  Taylor  (1931),  Goldstein  (1931)  and 
Sekera  (1948).  After  examining  the  general  (linearized) 
problem  of  the  dynamic  stability  of  an  inviscid, 
statically  stable  layer  under  shear,  Sekera  concluded 
that  billow  clouds  were  a  result  of  waves  at  a  shear 
layer,  and  that  they  must  occur  at  levels  in  the  atmo- 
sphere where  the  static  stability  vanishes,  i.e.,  an 
isentropic  region,  in  order  to  account,  within  the  linear 
theory,  for  the  stability  of  their  patterns.  In  this  paper 
we  explore  isentropic  models,  and  suggest  that  wavelike 
disturbances  arising  from  shear  wave  instability  tend 
to  create  such  a  model  and  steady  patterns. 

2.   Model  1 

For  the  models  to  be  examined  in  this  paper,  the 
solutions  (3)  and  (5)  are  applicable.  A  limiting  form 
(i.e.,    //  =  ())    has   been   used   by    Ramm   and   Warren 


~~  f"~ 

2  AH 

t 

H 

i 


'//;//!//i'/n/////nu///mi!/i/iii//>i/iTl'>i:i/i/n:mii; 


l"iu.  2.  Gossard-Munk  three-layer  model. 
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(1963)  to  examine  the  effect  of  an  impulse  on  gravity 
wave  generation  and  dispersion.  Our  first  model  is  one 
in  which  a  shear  layer  of  statically  neutral  stability  is 
imbedded  in  a  medium  which  is  otherwise  statically 
stable  and  whose  stability  can  be  described  by  a 
constant  Yaisala-Brunt  frequency  -V.  Then  the  solution 
applies  within  the  shear  layer  and  the  solution  [Eq. 
(5)]  applies  elsewhere.  The  model  is  shown  schemati- 
calh   in  Fig.  3,  where 


n0=—Au,  0  =  0se\p[(.\Y,  £);],     for  :<// 

«„  =  -&u+p(z-H),    e=e,  e\p[(.\Y  £)//], 

for  H<z<H+2\H 

6  =  d>,^n  exp[(-W,  g)(2-//-2AJ/)], 

for  0//  +  2A// 


Solutions  for  the  various  layers  are  of  the  form 

11'!=.]  sinhTiZ,             z<U,  (7a) 

\Y-:=lhek:  +  K-,e~k-,     H<z</I  +  2S/I,  (7b) 

\Yi  =  De->^-^>,\        z>II+2AH.  (7c) 

The  kinematic  boundary  condition  to  be  satisfied  at 
the  layer  interface  is  (for  small  perturbations) 


and  the  dynamic  condition  is  p\  =  pi  and  p2  =  pi,  where 
p  is  total  pressure.  Then 


t///i//////i/i/i'////>///i/////////7////i/////////i/i/iii'/i/>//ih>/> 


1  ic.  3.  Model  1. 


and 


=  -+c/l--      \     ll<z<H+2Ml, 
3       V        Ml  I 


z-H 
+a[  1  - 

in  the  shear  layer.  Therefore, 


n=k 


i 


-+a 


8 


r^v/r 

2- 

>       73 

=k 

1- 

a 
a 

.8        J 

J 

Applying  the  solutions  given  in  Eq.  (7)  to  the  condition 
(8),  we  find  at  the  lower  boundary 


ai— a- 


"l  +  iB-t/B^". 


C 


An 


1=1, 


(10a) 


dpi      dpi       dpi      dpi 

dt       dt  '      dt      dl  ' 


therefore, 


where   we    have    let    ai  =  7iA//  ctnh$//.    At    the    upper 
boundary,  if  we  let  Qj  =  7:tA//  .y 


0 


( P.g" 

PJ    \Dl 


(8) 


-1  )=-l.      (10b) 


must  be  continuous  across  fluid  interfaces.  D,  Dt  is  the 
Stokes  operator 

d     a        d 

—  =  — h«o — =  — »«, 

z?/    a/      a.t- 

and  P=(po/ps)~^P',  where  p'  is  the  pressure  pertur- 
bation. The  unperturbed  density  is  p0,  and  pt  the 
density  at  some  reference  level.  For  convenience  the  x 
direction  is  chosen  to  be  the  direction  of  horizontal 
propagation.  In  condition  (8),  it  is  convenient  to 
express  P  in  terms  of  IT  using 


-  l~(B2/B1)e-ia       -\/C 
a h*3   (  — 

L  l  +  (ZV£i)<r2Q        JV-A" 


Elimination  of  Bi/Bi  reveals  the  eigenvalue  equation 
for  the  model  of  Fig.  3  to  be 


aiaA  ai+a3 

H )  tanh2aH ■ 

a~  /  a      J 


+ 


/ai—  a3\  ~]/a\ 

I J  tanh2a    (  -  )+(2a  —  aa\—  aa-j) 

—  (1+a2—  ai—  a3+aia;j)  tanh2a  =  0.      (11) 


DP       u 
— =P«- 


w  dW 
BW+ 

k   dz  J 


(9) 


If  A'=0,  the  model  is  a  three-layer  homogeneous 
medium  with  the  middle  layer  under  constant  shear 
and  is  one  of  a  class  of  homogeneous  models  studied 
extensively  by  Rayleigh.  Then  a3  =  a  and  a\  =  a  ctnh£//. 
Thus,  Eq.  (11)  is  of  the  form 


where  tf^duo,  (/s=Am/A//  and  where  wy  k  is  defined  by 
Eq.  (4a).  Letting  a  =  kAH,  one  finds  from  Eq.  (4a)  that 
w/B—a/Bdca  in  the  lower  (+)  and  upper  (  — )  layers, 


X\  -BH-^0, 


(12) 
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Fig.  4.  Eigenvalue  plots,  Model  1,  parametric  in  A'V#2; 
//,  A//=  x  .  Beyond  shaded  lines  |«±<r,  jtf|  <N ,  /3  and  energy  leaks 
away  from  laver. 


Fig.  6.  Eigenvalue  plots,  Model  1,  parametric 

in  A'V/32;  11 /Ml  =  0.5. 


where 

tf=(l+ctnh/e#)(t;inh2«+l) 
b=(cinhkH-\)  tanh2« 
(=a[2-a(ctnh/fe//  +  D] 

-[!+«(«- l)(l+ctnh/c//)  lanhig] 


The  question  of  stability  is  therefore  decided  by  the 
sign  at  b- — lac. 

The  most  widely  quoted  result  of  Rayleigh  is  found 
for  the  model  in  which  //=  °o  so  that  (12)  reduces  to 


0 


anh2c 


.0/       2(tanh2a+l) 


-a(l-u) 


(13) 


Recalling  that  tanh2a=  (1  -c^ta)/  (l+e"40),  one  finds 
the  Rayleigh  condition  for  stability  [a  real  and  (a  (3)- 
positive]  for  this  model  to  be 

(2a-l)2-e-*r>0, 

which  yields  the  critical  ratio  of  wavelength  to  layer 
thickness  to  be 

X         2tt 

-  =  4.90. 
2AH     1.28 

Rayleigh  further  found  the  most  unstable  wavelength 
[that  wavelength  for  which  (a,  ft)'2  reaches  its  largest 
negative  value]  to  be  given  bv  the  ratio 


7.85. 


IM1     0.8 


1' K..  5,  Eigenvalue  plots,  Model  1,  parametric  in  A'2,  p2;  11  Ml  =  2. 


At  the  other  extreme,  when  j3  =  \)  (i.e.,  A«  =  0),  the 
"no  shear"  limit  of  Eq.  (11)  reduces  to  the  Gossard- 
Munk  equation  (6)  which  applies  to  a  nonhoniogeneous 
atmosphere.  If  A"s  =  0,  A'i  =  iV3  =  A',  and  //=■»,  one 
finds  from  (6)  that 

ctnh2(t:=  —  ,     where     «i,  =  u[_l  —  (.Y,  a)'-']'.     (14) 

2aav 

The  plots  of  tr/fi  \'s  2a,  from  (11),  are  shown  in 
I'igs.  4-6  for  various  values  of  //,  AH,  assuming  in 
all  cases  that  Xi  =  A';  =  .V.  The  curve  designated  as 
Y2/(tf-'  =  0  is  that  of  the  Rayleigh  homogeneous  model 
[Eq.  12J.  The  other  curves  represent  a  generalization  of 
the  homogeneous  model  in  which  a  statically  neutral 
shear  layer  is  imbedded  in  a  statically  stable  medium. 
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Although  A*2//3?  is  superficially  like  a  Richardson  num- 
ber, .V  describes  the  stability  of  the  medium  mtlsiile  the 
layer  while  (3  describes  the  shear  across  the  layer.  For 
values  of  2a  to  the  left  of  the  nose  of  the  curves,  only 
imaginary  or  complex  values  of  the  frequency  a  can  be 
roots  of  (11)  and  such  solutions  represent  unstable 
disturbances.  On  the  shaded  side  of  the  straight  lines, 
the  radical  in  71  or  73  becomes  imaginary,  i.e.,  |a±ff//3| 
<A"//8.  Beyond  a/(3=±(X/8+a),  it  would  again  be- 
come real. 

The  plot  of  a  3  vs  2a  is  shown  parametric  in  II  All 
for  AT//3  =  0  in  Fig.  7.  As  /7-M) 


a  =  l+tanh2a 
6=tanh2a 

c—  —  a"-f-«(l  — c 


tanh2< 


in  Eq.  (12). 


For  this  special  case  a  '/3  is  real  for  all  a  and  the  How 
is  stable.  This  result  is  in  accord  with  Ravleigh's 
general  conclusion  on  "inflection  point  instability," 
since  change  in  slope  of  the  velocity  profile  has  only  one 
sign  when  11  =  0.  The  "nose"  of  the  eigenvalue  curve 
in  this  case  dips  in  to  the  origin.  Clearly  the  presence 
of  a  boundary  must  be  considered  when  it  is  less  than 
a  wavelength  from  the  shear  layer.  When  it  is  less  than 
0.1  wavelength  away  from  the  layer,  it  is  very  im- 
portant. The  boundary  effect  is  even  more  striking  in 
Fig,  8  in  which  the  value  of  (b2  —  4tfc)/4-a2  is  plotted  vs 


la,    parametric 


//  All.    When     (b- -lac)  4a2    is 


negative,  the  frequency  has  an  imaginary  part  and 
perturbations  are  unstable,  growing  exponentially.   Its 

maximum  negative  value  represents  a  most  unstable 
value  of  2a.  The  (lashed  curves  in  Fig.  8  show  the  real 
part  of  the  ratio  C/ An  (see  model)  in  the  unstable 
range  of  2k All  for  various  values  of  II  AIL  When 
//=  x  ,  ('=<),  so  the  waves  move  with  the  mean  wind 
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Fig.  8.  Curves  describing  real  (dashed)  and  imaginary  (solid) 
components  of  C/An;  parametric  in  //  All . 

speed  within  the  shear  layer,  i.e.,  zero.  When  H/  All 
becomes  small,  C/Au  becomes  significantly  negative, 
so  the  waves  tend  to  move  with  the  wind  in  the  lower 
layer. 

3.  Model  2 

Suppose  we  seek  a  model  that  may  be  representative 
of  intense  mixing  in  a  layer  imbedded  in  a  stable 
medium,  and  treat  the  model  shown  in  Fig.  9.  This 
model  can  be  thought  of  as  a  generalization  of  the 
Goldstein  mode!  (Fig.  1)  with  a  lower  boundary — one 
in  which  the  upper  and  lower  layers  are  no  longer 
required  to  be  homogeneous.  This  model  contains 
discontinuities  in  temperature  (inversions)  at  the  layer 
boundaries,  so  the  boundary  condition  (8),  taking  into 
account  the  density  discontinuity,  requires  con- 
tinuity  of 


w/  u  dW\ 

A       k  dz ) 


(15) 


Proceeding  as  before,  applying  the  solutions  (7),  and 
neglecting  Ap  compared  with  p,  (or  A0  compared  with 
6)  except  when  it  appears  as  a  product  of  g,  one  finds 


I'io.  7.  Figenvaluc  plots,  Model  1,  parametric  in  II.  All,  X  '/3  =  0. 


Fig.  9.  Model  2. 
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Fig.  10.  Eigenvalue  plots,  Model  2,  parametric  in  N2 ,.'/32; 
H/All=x. 


that 


\A«       /  Am 


Ru+( 

\Am 


)(«■ 


C 

-«j) +1 

Am 


/c     \2  c 

/?i+(— +l)(«-ai)+— +1 
\Am       /  Am 


*£+(— +l)  (a+a,) --1 

\Am       /  Am 


where  Ru,l  =  g(Ap„)  y ,z.A// '/ (p,Az<2)  is  a  kind  of  Richard- 
son number  for  the  upper  (U)  and  lower  (L)  dis- 
continuities, and  Ap,  is  the  density  difference  across  each 
discontinuity.  As  before,  we  equate  Ap,/p,  and  A6/6. 
Choosing  the  special  case  of  RV  =  RL  =  R  and  remember- 


ing that  C/ Am =(t/q/3,  it  can  be  written 


l+aiaz'a-z                   ai+a3 
a  = tanh2cH 


«1—  C*3 

e  — tanh2a, 


(16) 


b=- 


(i?-l)(a1+a3) 


-+l  +  2(l+a,a3/a2) 


Xtanh2a— [^-l  +  (ai4-«3)], 


ai— «3 
/= —{1-2(1+/?)}  tanh2a, 


c=[(l+7?-a1)(l+/?-a3)+a'-] 

Xtanh2a+a(a1+ar,)-2a(l+/?). 

Inspection  of  Fig.  9  shows  that  R  =  N2/&2  which  greatly 
simplifies  the  parameterization  of  the  problem  when 

When  the  medium  in  which  the  layer  is  imbedded 
is  of  neutral  stability,  ai=a3  =  a  and  the  model  is  that 
shown  in  Fig.  1  and  treated  by  Goldstein  (1931). 

The  eigenvalue  curves  for  Model  2  are  shown  in 
Fig.  10.  It  is  apparent  that  as  AT//3  increases  from  zero 
the  domain  of  instability  moves  out  toward  larger  a 
in  a  rapidly  narrowing  band  of  unstable  wavenumbers 
as  shown  in  Fig.  11  for  er//3=0.  By  the  time  N/(3  =  2, 
the  unstable  range  is  almost  pinched  out  and  is  essen- 
tially monochromatic  so  that  wave  excitation  should  be 


Fig.  11.  Neutral  curves,  Model  2,  for  o-  =  0  (C  =  0).  Dashed 
curves  refer  to  Goldstein's  model  (I'ig.  1).  Dots  are  experimental 
values  from  Katz'  data  plotted  in  unstable  region  without  regard 
to  N/0. 
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Fig,  12.  Radar  returns  from  ihc  clear  atmosphere  taken  from  Kau  (1°72)  for  radar  located  at  Wallops  Island.  The  1830  EST  tem- 
perature and  wind  sounding  at  Wallops  Island  i-  shown  in  the  1557  I, ST  frame  of  the  figure.  Note  strongly  super-adiabatic  layer  at 

about  1500  in. 


highly  selective  in  wavelength.  Kvcn  lor  .V,  ft  as  small 
as  1.0,  the  ratio  of  wavelength  to  total  layer  thickness 
ranges  onlv  from  2.4  to  2.7.  However,  the  magnitude  ol 
maximum  instability  decreases  as  the  band  narrows,  so 
one  would  expect  to  observe  those  wavelengths  which 
lie  within  the  region  of  appreciable  bandwidth.  Because 
of  the  spatial  symmetry  of  the  model  with  infinite  lower 
and  upper  layers,  it  is  natural  to  suppose  the  real  part 
of  the  wave  velocity  L  T  to  be  zero  (and  therefore  err=0). 
This  can  be  proved  in  special  cases;  e.g.,  Tollmien 
(1935)  proved  that  C=«o  at  the  inflection  point  of  a 
monotonic  profile  of  velocity  for  a  neutral  disturbance 
in  a  flow  of  uniform  density. 

The  above  model  onh  describes  a  limiting  condition 
toward  which  the  real  atmosphere  would  lend  when 
violent  mixing  incurs,  caused  perhaps  b\  dynamic 
instability  from  shear  within  the  medium.  The  extent 
to  which  the  model  is  pertinent  to  the  observed  layer 
structure  within  the  real  atmosphere  should  be  deter- 
mined by  observation. 

4.  Observations  of  structure  on  layers 

A  variety  of  models  with  shear  layers  imbedded  in 
stably  stratified  media  have  been  analyzed  in  recent 
years.  For  example,  Drazin   (l('5Si  analyzed  a  model 


with  a  hyperbolic  tangent  wind  distribution  and  ex- 
ponential density  decrease.  Holmboe  (1960)  analyzed  a 
model  with  hyperbolic  tangent  wind  distribution  and 
hyperbolic  tangent  exponent  of  the  density  distribution. 
Miles  and  Howard  (1964)  analyzed  a  three-layer  model 
in  which  both  wind  and  density  were  composed  of  linear 
segments,  piecewise  continuous.  The  symmetrical  or 
nearly  symmetrical  models  of  both  Holmboe  (I960) 
and  Miles  and  Howard  (1964)  give  a  ratio  of  wave- 
length layer  thickness  of  about  0.5  for  the  "most 
unstable  wave,"  and  the  nonsymmetrical  (density) 
model  of  Drazin  gives  about  4.5. 

Few  reliable  measurements  exist  against  which  to 
compare  the  various  models.  From  acoustic  sounder 
data  and  in-situ  tower  data,  Emmanuel  el  al.  (1972) 
found  ratios  of  5.2  and  4.0  for  features  in  the  boundary 
layer.  From  similar  data  on  another  event,  Hooke  et  al. 
(1973)  found  a  ratio  of  3.5.  Gossard  el  al.  (1970)  found 
a  ratio  of  3.2  for  features  on  an  elevated  layer  using 
FM-CW  radar  data  and  radiosonde  sounding  data. 
The  above  investigations  suggest  that  observed  ratios 
tend  to  be  smaller  than  those  implied  by  the  major 
instability  models  for  stable  layers.  However,  all  of 
the  above  observations  were  indirect  in  the  sense  that 
the  horizontal  scale  had  to  be  inferred  from  the  wave 
velocity.  Sometimes  (Emmanuel  el  al.,  1972)  the  wave 
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•1G.  13.  Radar  returns  from  ihe  clear  atmosphere  taken  from  Kat, 
(1972).  Same  day  as  in  tig.  14  but  lime  is  different. 


velocity  was  assumed  to  be  that  of  the  wind  at  the 
height  of  the  wave  structure;  sometimes  (Hooke  el  al., 
1973)  the  wave  velocity  was  deduced  from  the  ratio 
of  pressure  perturbation  to  wind  perturbation  through 
the  impedance  equation,  or  (Gossard  et  al.,  1970) 
through  the  ratio  of  velocity  perturbation  components 
by  use  of  polarization  relations. 

Table  1  is  compiled  from  data  that  were  published 
by  Katz  (1972).  They  should  be  more  reliable  than  anv 
of  the  earlier  data  referenced  because  the  measurements 
of  the  spatial  scales  are  direct. 

Figs.  12-15  show  radar  returns  from  the  clear 
atmosphere  obtained  by  the  powerful  pulse  radar  of 
NASA  at  Wallops  Island  on  a  wavelength  of  10  cm. 
From  data  such  as  these  the  ratio  of  spatial  wavelength 
to  echo  layer  thickness  may  be  scaled  directly.  The 
main  uncertainty  concerns  the  question  of  whether 
the  braided  or  wavelike  features  completely  fill  the 
layer  and  are  thus  a  true  measure  of  layer  thickness. 
However,  underestimation  of  layer  thickness  would 
increase  the  estimated  ratio.  The  ratios  so  deduced  are 
presented  in  Table  1. 


Tamle  1.  Ratios  of  wavelength  to  layer  thickness  from  ob- 
servations published  by  Katz  (1972).  Figures  in  parentheses  are 
corresponding  values  of  2a. 


figure 

Time 

High 

Middle 

Low 

Date 

number 

(KST) 

layer 
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24  Jan.  1969 

14 

1540 
1550 
1554 

2.9(2-2) 

1.5(4.21 
2.3(2.7) 
1.6(3.9) 

1557 

4    (1.61 

1.6(3.9) 

1560 

1.5(4.2) 

24  Jan.  1969 

15 

2.7(2.3) 

16  May  1968 

16 

2.7(2.3) 

20  Dec.  1968 

17 

3.8(1.7) 

The  values  of  2a  are  shown  in  parentheses  in  the 
table  and  are  plotted  in  Fig.  11  (Model  2)  as  solid  dots 
without  regard  to  observed  values  of  .V-,/3-.  Reliable 
estimates  of  .Vs  £>"-  were  impossible  from  the  available 
wind  sounding  data,  since  the  balloon  release  time  was 
3  hr  after  the  radar  observations.  However,  it  is  evident 
that  the  cases  fall  in  the  "narrow  band"  region  of  the 
graph  and  in  a  range  of  A'v/3'-'  which  is  easily  attained 
in  the  atmosphere.  Table  1  indicates  a  clear  tendency 
for  the  observed  ratios  of  wavelength  to  layer  thickness 
to  be  significantly  less  (average  2.3)  than  those  pre- 
dicted for  the  most  unstable  wave  for  shear  layers  in 
stable  media.  Furthermore,  Model  2  provides  a  mecha- 
nism for  strong  selectivity  of  wavelength,  as  observed, 
whereas  other  models  provide  only  weak  selectivity 
associated  with  the  broad  peak  of  the  neutral  curves. 

The  sounding  data  for  the  1X30  EST  (2330  GMT) 
balloon  release  on  24  January  is  shown  in  the  1557  EST 
frame  of  Fig.  12  in  which  the  layer  structure  is  clearest. 
The  sounding  data-  are  too  remote  in  time  from  the 
radar  observations  to  provide  reliable  quantitative 
data;  however,  the  layer  structure  revealed  is  quali- 
tatively similar  to  that  observed  by  the  radar,  and  the 
presence  of  super-adiabatic  and  near-adiabatic  layers 
in  the  vicinity  of  the  radar  echo  layers  is  obvious, 
especially  at  the  most  periodic  of  the  layers  near  1.5 
km. 

In  several  of  the  references  listed  above,  acoustic 
echo  soundings  and  FM-CVV  radar  soundings  are  shown 
which  reveal  structures  within  statically  stable  regions 
of  the  troposphere  which  appear  to  be  unaccompanied 
by  significantly  increased  temperature  lapse  rates  ac- 
cording to  radiosonde  temperature  soundings  through 
the  layers.  However,  such  layers  in  the  lower  tropo- 
sphere are  thin,  and  these  sounders  cannot  probe  the 
deeper  layer  structure  of  the  higher  atmosphere.  Since 
the  response  of  the  radiosonde  temperature  element  is 
poor,  it  cannot  be  expected  to  adequately  resolve  such 
thin  layers.  However,  the  humidity  element  responds 
much  faster,  and  the  corresponding  humidity  distri- 
bution (or  radio  refractive  index)  invariably  shows 
regions  of  small  gradient  in  the  neighborhood  of  thin 
echo  layers.  Since  such  regions  of  small  gradient  are 
usually  (as  expected)  bounded  by  regions  of  large 
gradient,  very  precise  matching  of  the  height  of  the 
radiosonde  with  the  height  of  layer  echoes  is  required 
to  establish  the  relationship  between  atmospheric 
structure  and  layer  echoes.  The  double-echo  structure 
often  seen  on  sounder  records  may  represent  returns 
from  the  bounding  regions  of  large  gradient  in  this 
model.  Certainly,  observations  using  the  lower  tropo- 
spheric  sounders  do  not  rule  out  the  "intense  mixing" 
model  we  suggest,  and  the  powerful  pulse  radars  probing 
deeper  layers  of  the  atmosphere  tend  to  support  this 
model. 

The  observations  shown  in  this  paper  tend  to  favor 
Model  2   (the  limit  of  intense  mixing  in  a  statically 
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I'jc.  14.  Radar  returns  do  Mav  1W>N>  fmm  il 


ear  atmosphere  taken  from  Rat/  0072) 


stable  medium)  rather  than  Model  1.  However,  Model 
1  may  also  fairly  well  represent  some  cases  of  wave 
generation  when  the  isentropic  or  nearly  isentropic 
aver  is  a  result  of  air  mass  dynamics  or  thermo- 
dynamics. Tn  this  ease,  the  bounding  inversion  dis- 
continuities might  be  expected  to  be  absent  as  assumed 
in  Model  1.   Broad-band  wave  generation  of  this  type 


may  be  the  explanation  of  pressure  oscillations  of  a 
class  observed  in  the  eastern  I'nited  States  which  has 
been  attributed  (Madden  and  t'laerbout,  1968)  to 
wave  generation  by  dynamic  instability  due  to  shear 
in  the  upper  atmosphere  associated  with  the  jet  stream. 
If  the  temperature  lapse  is  nearly  isentropic  in  such  a 
region  of  shear,  Model  1  mav  be  fairly  realistic. 


10  km 


5  km 


40  km 


In..  15.  Radar  returns  from  the  clear  atmosphere  taken  from  Kat/  0072). 
Layer  at  al>out  8  kin  is  eirrus  i  loud. 
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5.  Streamlines  of  the  flow 

To  rind  eigensolutions  for  the  homogeneous  region, 
either  Eq.  (10a)  or  Eq.  (10b)  is  solved  for  B2  Bh  and 
C  An  is  then  eliminated  using  Eq.  (11).  For  an  in- 
finitely deep  lower  laser,  and  A'i  =  A':,,  Eq.  (10b) 
becomes 

(a,+a)( 1  ]+l 

B2  \Au       / 

By  /  C        \ 

(a-a.M l)-l 

where  tn=yAH.  For  a  homogeneous  model,  a  =  a.t  and 


B. 

~   /c     \    1 

-_=  ~c'-" 

2a( 1    +1 

«i 

L      \Sn        )       J 

where 

(CS 

(2a- 1  )■-€-*•' 

\J " 

4«- 

which 

jives 

(17: 


B-. 

—  =-f'2Q{[(2a-l)--(;"4"]'-r-(l-2a)>. 
B1 

The  origin  is  chosen  at  the  height  where  C—  ito  =  i).  For 
the  condition  C*=0,  B«  /•i1  =  ±l,  so  Eq.  (7b)  gives 

IF2  =  2#icosh/b. 

Since  Q=0,  the  wave  system  is  stationary  in  this 
model  and  u0  =  0  at  ;=().  Within  the  Boussinesq 
approximation  (and  neglecting  earth  rotation),  U 
=  ik~ld\\\  dz.  Therefore,  if  £■',  is  the  amplitude  of  the 
perturbation  of  the  horizontal  wind, 

r.,  =  rssinh/b, 

so  the  total  wind  in  the  middle  layer  is 

C=l3s+Useaj  sinh/oo, 

where  we  have  now  included  the  factor  periodic  in  x. 
The  slreamfunction  is  therefore 


\h  =  /     L'(z)ilz= i3—+x(,,efl"  coshk: 


Then,  for  small  kz,  the  displacement  z  of  tlie  stream- 
lines is 

s«±(2/|8)»(*-*.«tts)*. 

When  \p  =  \p,,  this  pints  as  a  pattern  of  interlacing 
sinusoids  of  wavelength  2\  (entered  oil  I  lie  height 
5=0.  When  \j/>\p„,  the  streamlines  are  simple  sinusoids. 
When  \p<\j/„  they  are  closed  curves  within  the  inter- 


laced sinusoids.  The  pattern  is  essentially  the  cat's  eve 
pattern  of  Kelvin. 
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ABSTRACT 

The  dynamic  instability  and  the  kinematics  nf  a  multi-layer,  shear  model  of  a  convective  boundary  layer 
are  analyzed.  Important  features  of  the  model  include  a  capping  temperature  inversion  that  may  or  may  not 
be  accompanied  by  a  wind  discontinuity,  a  surface-based  superadiabatic  layer,  and  a  statically  stable  upper 
atmosphere.  It  is  shown  that  the  capping  inversion  can  result  in  a  relatively  narrow  band  of  dynamically  un- 
stable wavenumbers  that  depend  on  shear  layer  thickness,  implying  a  strong  selection  of  scale  in  growing  dis- 
turbances. The  influence  of  the  various  model  parameters  on  selection  of  the  "most  unstable"  scales  is  shown 
and  their  corresponding  propagation  velocities  are  calculated. 

A  simple  form  of  the  model  is  also  used  to  examine  the  characteristics  of  the  convectively  unstable  modes. 
It  is  found  that  two-dimensional  disturbances  aligned  transverse  to  the  wind  shear  are  most  dynamically 
unstable,  whereas  two-dimensional  disturbances  parallel  to  the  wind  shear  are  most  convectively  unstable. 

The  vorticity  and  general  kinematics  of  the  disturbances  are  affected  in  an  important  way  by  the  presence 
of  a  critical  level  within  the  height  range  occupied  by  the  disturbance. 


1.  Introduction 

The  current  literature  contains  innumerable  papers 
on  the  dynamic  and  kinematic  structure  of  the  convec- 
tive boundary  layer.  These  are  mostly  numerical  in- 
vestigations requiring  the  use  of  high-speed  computers. 
Many  have  concerned  themselves  with  Ekman  layer 
instabilities  in  which  wind  profiles  representative  of  an 
Ekman  planetary  boundary  layer  are  assumed.  A  few 
examples  of  studies  of  this  kind  are  those  of  Lilly  (1966), 
Brown  (1970,  1972),  Kaylor  and  Faller  (1972),  Gal- 
lagher and  Mercer  (1965),  Maslowe  and  Thompson 
(1971)  and  Deardorff  (1965).  Observational  data  have 
been  provided  by  LeMone  (1973).  There  is  also  a  large 
literature  on  such  subjects  as  numerical  modeling  of 
severe  storms,  cloud  physics,  and  wet  convection. 

In  addition  to  the  investigations  listed  above,  which 
are  primarily  numerical  in  nature,  various  analytic 
studies  of  simple  models  have  been  carried  out.  A  few 
of  these  include  the  work  of  Case  (1960),  Kuo  (1963) 
and  Asai  (1970)  who  analyzed  the  stability  of  two-  and 
three-dimensional  disturbances  in  a  thermally  unstable 
shear  flow;  Ramm  and  Warren  (1963)  who  examined 
the  dispersive  character  of  impulsively  generated  waves 
in  two-layer  models  with  a  surface-based  adiabatic 
layer  under  shear;  and  Gossard  (1974)  who  investigated 
the  dynamic  stability  of  both  surface-based  and  ele- 
vated adiabatic  shear  layers  within  a  stable  atmosphere. 


In  some  ways  analytic  models  have  advantages  over 
numerical  models,  although  numerical  models  can,  of 
course,  be  more  complicated  and  therefore  can  be  more 
realistic.  Analytic  approaches  often  provide  more  physi- 
cal insight,  and  they  can  usually  be  parameterized  in  a 
simple  enough  way  so  that  the  contribution  of  the 
various  elements  composing  the  model  can  be  seen  more 
clearly.  We  consider  that  much  of  the  value  of  the  model 
we  have  analyzed  lies  in  the  insight  it  can  provide  for 
numerical  models  that  may  include  viscosity,  nonlinear 
effects,  and  gaseous  and  liquid  water. 

Our  model  differs  from  others  listed  above  in  that  it 
includes  a  capping  temperature  inversion,  a  surface- 
based  superadiabatic  layer,  and  a  wind  shear  layer  of 
varying  height  above  the  ground.  Our  model  is  three- 
dimensional,  and  we  examine  not  only  the  conditions 
for  dynamic  instability  but  the  kinematics  of  the  ini- 
tially most  unstable  disturbances  and  the  influence  of 
a  critical  level  on  the  velocity  fields  and  vorticity.  As 
in  most  of  the  analytic  studies  listed  above,  our  ap- 
proach is  to  solve  the  boundary  value  problem  by  the 
method  of  normal  modes. 

2.  The  model 

Our  primary  purpose  is  to  examine  the  effects  of  a 
capping  inversion  on  the  dynamic  stability  of  a  bound- 
ary layer  under  shear.  We  choose  to  study  a  model 
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Fig.  1.  The  model.  8  is  potential  temperature. 

(Fig.  1)  in  which  the  shear  layer  is  adiabatic  because  it 
has  mathematically  simple  solutions  such  that  fairly 
complicated  layered  models,  including  a  capping  in- 
version, can  be  synthesized  by  satisfying  the  dynamic 
and  kinematic  interfacial  boundary  conditions.  Such  a 
model  is  not  representative  of  steady,  horizontally 
homogeneous  conditions  because  the  large  momentum 
flux  that  accompanies  strong  mixing  in  a  shear  layer 
will  tend  to  erase  the  shear  unless  sources  and  sinks  of 
momentum  external  to  the  system  are  maintained. 
Therefore,  we  do  not  claim  this  to  be  a  general  or  typical 
representation  of  real  boundary  layers,  but  we  do  be- 
lieve that  real  environments  resemble  it  often  enough 
so  that  it  is  worthwhile  working  out  the  consequences 
of  the  model  and  examining  the  way  the  various  param- 
eters of  the  model  affect  its  dynamic  instability.  Of 


course  it  is  unlikely  in  nature  that  the  shear  will  ever 
coincide  with  a  precisely  adiabatic  layer.  In  reality  a 
transition  zone  between  a  superadiabatic  region  below 
and  a  somewhat  stable  region  above,  as  seen  in  Fig.  2, 
is  more  likely.  We  hope  the  essential  physics  is  not  lost 
by  representing  the  transition  zone  as  an  adiabatic 
layer.  Beneath  the  shear  layer  we  choose  a  neutral  or 
superadiabatic  layer  without  shear  (except,  of  course, 
in  a  thin  layer  next  to  the  ground  which  we  neglect). 
In  the  analytic  development  we  allow  for  a  temperature 
discontinuity  at  the  base  of  the  shear  layer  as  well  as 
at  the  top,  but  in  the  numerical  calculations  we  have 
assumed  the  lower  discontinuity  to  be  zero  as  shown  in 
the  schematic  representation  of  our  model  in  Fig.  1. 

We  believe  the  model  may  sometimes  also  be  repre- 
sentative of  environments  that  can  lead  to  large-scale 
convective  development  and  severe  storms.  Fig.  2  shows 
such  an  example.  The  "capping"  inversion  at  500  mb 
in  this  example  is  due  to  subsidence  and  is  a  common 
feature  of  soundings  in  this  area  and  season.  It  is 
typically  accompanied  by  an  abrupt  decrease  in  hu- 
midity with  height..  In  the  afternoon  of  the  case  shown, 
widespread  cumulonimbus  development  occurred  with 
damaging  hail.  The  progression  of  the  cells  was  from 
southwest  to  northeast  which  is  in  the  direction  of 
principal  shear  (x,z  plane)  having  an  azimuth  of  230°j 
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Fig.  2.  Wind  and  temperature  soundings  made  in  severe  storm  conditions.  Large-scale  cumulonimbus  development  occurred  in  the 
afternoon.  Cells  moved  from  southwest  to  northeast.  The  x,z  plane  (the  plane  of  principal  shear)  was  oriented  230°  in  azimuth.  Wind  and 
temperature  are  plotted  to  the  same  height  scale. 
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Clearly,  the  presence  of  the  dynamic  instability  we 
discuss  is  not  sufficient  to  ensure  the  development  of 
convective  storms.  Factors  such  as  the  available  mois- 
ture supply  in  the  low-level  air  as  well  as  convergence 
and  vorticity  in  the  mesoscale  flow  patterns  will  largely 
determine  whether  the  "trigger"  we  propose  will  be 
effective  in  initiating  large-scale  convection. 

The  key  characteristics  of  the  model  that  lead  to  the 
important  consequences  are  the  inflection  point  in  the 
wind  profile  which  is  the  primary  cause  of  the  dynamic 
instability,  and  the  capping  inversion  that  confines  the 
instability  to  a  relatively  narrow  band  of  wavenumbers. 

3.  The  linearized  equations  including  shear 

For  a  basic  flow  with  vertical  shear  (dii»f  dz)  in  the 
X  direction,  the  linearized  equations  of  motion,  con- 
tinuity and  energy  conservation  for  adiabatic  processes 
are 


D  /du\      1   d'2p     dii0  dw 

-(  — )+ + =o, 

Dl\dx/     p0  d.v2      dz   d.r 


Dl\dyJ 


1  d2p 

+ =  0, 

po  dy- 


I) 


1  dp      p 
— + +g-=o, 

Dl      p0  dz       p0 


Dp        dp0 

he hpuV  •  v  =  0, 

Dt         dz 


1  (Dp       d/>0\ 
Dl         dz 


Dp        dPl)      1  (Dp        dpu\ 

— +«— =H— +»—  ), 

Dt         dz      c2\Dt         dzJ 


(1) 


(2) 


(3) 


(4) 


(5) 


where  n,  v,  w,  p,  p  are  small  perturbations  of  the  x,  y,  z 
components  of  wind,  and  of  density  and  pressure.  Zero 
subscripts  indicate  unperturbed  quantities,  and  c  is 
sound  velocity.  We  have  chosen  the  x  direction  as  the 
direction  of  the  undisturbed  flow,  so  ro=7t'o=0  and  the 
operator  D/Dt=  d/dt+u0(z)d/dx. 

It  is  convenient  first  to  eliminate  p  between  Eqs.  (4) 
and  (5).  We  then  adopt  the  transformation 


c,v,\v,p-i=(p0/psy'tu,v,u<,p->i 


(6) 


where  p0(z)  is  the  distribution  of  the  unperturbed  den- 
sity with  height,  and  ps  is  the  density  at  some  reference 
level  such  as  the  surface.  The  resulting  partial  differ- 
ential equations  are  linear  and  homogeneous,  and  a 
solution  representing  one  of  the  simplest  forms  of  three- 
dimensional  disturbance  is 

U,V,W,P=htU(z),  V(z),W(z),'P(z)l 

X  [exp/  (kx+ly  -  at)  ±  exp;  (kx  -ly-at)~\,     ( 7 ) 

which  requires  the  following  phasing  of  the  variables: 

P  =  P(z)  cos/y  sin  (kx  -  at)  (8) 


U  =  U  (z)  cos/y  sin  (kx  -  at)  (9) 

V=V(z)  sinlycos(kx-at)  (10) 

W=W  (z)  cos/y  cos  (kx  —  al).  (11) 

Elimination  of  P(z),  C'(z)  and  V(z)  leads  to  the  ordi- 
nary differential  equation  in  \V(z): 

d2W(z)      I  u0"k  (Nm/kY    I 

w2 \W(z)  =0, 

<hJ        I         [C-«0(z)]     tC-u0(z)j\ 

(12) 

where  m2=F+/2,  n{)"=(Pu0/dz2.  The  phase  velocity  in 
the  .v  direction  is  C  =  a/k.  In  deriving  Eq.  (12),  we  have 
defined  X2=  -g(plrl,!p/,/z+g/c-)  =  (g/60)de/dz,  where 
.V  is  the  Viiisala-Brunt  frequency  (Vaisala,  1925;  Brunt, 
1927)  and  0  is  potential  temperature.  Furthermore,  we 
have  neglected  the  quantity  (2po)-1r/p0/(/s+^/c2  com- 
pared with  the  operator  d/dz  applied  to  the  field  vari- 
ables, and  we  have  assumed  C«c.  This  is  a  form  of  the 
Boussinesq  approximation  and  implies  that  we  have  as- 
sumed the  scale  depth  of  the  atmosphere  to  be  large 
compared  with  the  scale  depth  of  the  disturbance. 
Eq.  (12)  is  exactly  the  same  as  the  wave  equation  for 
a  two-dimensional  disturbance  except  that  k  has  been 
replaced  by  m  and  X  has  been  replaced  by  (Xm/k). 

From  (7)  we  see  that  D/Dl=  -ia+iku0(z)=  -iw(z), 
which  defines  the  intrinsic  frequency  w  =  k[C  —  n0(z)\ 
where  C  =  a/k  is  the  velocity  of  the  disturbance  in  the 
.v  direction.  Thus  w  can  become  zero  at  a  "critical  level" 
where  uu  =  C. 

Then  in  terms  of  a>,  \Y(z)  is  related  to  the  other 
variables  as 

k  (  d       k  I2  \ 

t'(z)= 0 )W(z),  (13) 

m2\dz      oj  k2/ 

I  f  d       k\ 

V(z)  = f/3-  )]V(z),  (14) 

m2\dz      01/ 

w  /  d        k\ 
P(z)  =  -p,—(-+l3-)w(z),  (15) 

where  /8=  du0/dz. 

If  the  coeif'.cient  in  Eq.  (12)  is  constant,  it  has  very 
simple  solutions  which  are  some  combination  of  expo- 
nentials. The  coetf.cient  is  constant  if  both  u0"/u  and 
(X/u)2  are  constant  or  zero,  but  (12)  will  have  annoying 
singularities  at  any  height  where  w  =  0.  In  1880  Lord 
Kelvin  discussed  this  "disturbing  infinity  in  Lord 
Rayleigh's  solution  for  waves  in  a  plane  vortex  stra- 
tum." He  pointed  out  that  if  u0"  is  zero  (and  the  fluid 
is  homogeneous,  i.e.,  .V  =  0)  VWe  evade  entirely  the  con- 
sideration of  this  infinity."  The  simple  solutions  then 
apply,  and  Kelvin  proceeded  to  deduce  the  now  famous 
Kelvin's  cat's  eye  pattern  at  the  critical  level  from 
purely  kinematic  considerations. 
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In  the  model  we  analyze  here,  the  atmosphere  will  be 
assumed  to  be  adiabatic  and  the  wind  shear  to  be 
constant  in  the  layer  containing  the  critical  level.  As 
pointed  out  by  Kelvin,  we  thus  avoid  the  difficulty  with 
singularities  if  we  deal  with  vertical  velocity.  The  simple 
solutions  then  apply  and  we  can  synthesize  fairly  com- 
plicated models  by  satisfying  appropriate  boundary 
conditions  between  the  several  layers  of  the  model. 
However,  although  W  is  well  behaved,  the  particle 
displacement  is  given  by  IF/w  and  would  thus  become 
infinite  as  w  goes  to  zero.  Consequently,  Kelvin's  artifice 
does  not  allow  us  to  "evade  entirely"  the  problem  of 
infinities  at  the  critical  level.  However,  confidence  in 
the  approach  may  be  derived  from  the  "reasonable" 
results  deduced  from  such  models  as  those  examined  by 
Taylor  (1931),  Goldstein  (1931),  Howard  (1963), 
Holmboe  (1962)  and  Gossard  (1974).  The  singularities 
arise  primarily  because  of  the  absence  of  viscosity  in 
our  model,  and  complete  justification  of  the  results  must 
be  found  in  a  comparison  with  results  found  in  models 
in  which  viscosity  is  included.  Hazel  (1967)  solved 
numerically  the  full  sixth-order  differential  equation 
including  viscosity  for  flux-matching  conditions  across 
the  critical  level.  He  compared  his  results  with  those 
found  for  a  model  without  viscosity  by  Booker  and 
Bretherton  (1967)  and  concluded  that  the  results  were 
identical  within  the  limits  of  numerical  truncation 
errors.  We  will  now  proceed  to  analyze  a  model  made 
up  of  layers  in  which  Uo"=0  and  (.V/w)2  is  either  zero 
or  constant. 

4.  The  boundary  conditions 

To  proceed  with  the  solution  of  (12)  for  the  multi- 
layered  model  shown  in  Fig.  1,  the  eigensolutions  which 
satisfy  certain  boundary  conditions  must  be  found. 

At  the  surface,  assumed  to  be  level  and  rigid,  K'  =  0. 
At  the  interfaces  between  layers  1  and  2  and  between 
2  and  3,  we  satisfy  the  kinematic  conditions  a,i  =  ^,L>, 
W2  =  w3;  and  the  dynamic  conditions  pn  — pr-i  and 
pTi  =  Ptz,  where  pr  is  total  pressure.  The  latter  con- 
ditions can  most  conveniently  be  applied  by  requiring 
continuity  in  dpr/dt  where 


dpT    Dp       dp0     fp^/DP 
dt      Dt         dz     \psJ  \  Dt 


in  which  we  have  used  the  hydrostatic  relation 
dp0/dz=  —  p0g  and  the  transformation  (6).  If  there  is 
a  discontinuity  in  the  wind  profile,  the  conditions  of 
continuity  in  IF  and  dpT/dt  are  only  exactly  true  in  the 
long-wavelength  (or  small-amplitude)  limit  (see  Gos- 
sard and  Hooke,  1975).  A  somewhat  more  precise  state- 
ment is  that  the  displacement  (and  therefore  II  '/ai)  is 
continuous  across  boundaries.  However,  this  condition 


is  applied  at  the  undisturbed  position  of  the  interface 
and  therefore  it  also  is  only  true  in  the  small-amplitude 
limit.  The  degrees  of  approximation  are  comparable 
and  either  set  of  conditions  leads  to  the  same  result. 
If  we  choose  the  interface  to  be  the  reference  level  of  p„ 
we  have  at  the  interface  poi  =  psi  and  po2=pS2  so  we  re- 
quire continuity  in  DP/Dt—psg\V  across  the  interfaces. 
Letting  /3  be  the  shear,  the  basic  equations  (8),  (11) 
and  (15)  yield  the  differential  relation 

DP        Psu2/  d     k  \ 
—  = ( — r~/S  )tf, 

Dt  m1  \dz    a>  / 

so  that  the  dynamic  boundary  condition  expressed  in 
terms  of  IF  requires  continuity  of 


m 


d     k 

-+-/3  )W-p,gW. 


(16) 


Therefore,  both  the  kinematic  and  dynamic  boundary 
conditions  at  the  interfaces  can  be  satisfied  by  restric- 
tions on  IF  only.  Because  w  =  k[C— jc0(z)^  for  a  model 
with  vertical  shear,  we  readily  see  from  Fig.  1  that 


m0(")=  —  Aw, 

An 

k0(z)  = z=pz 

AH 


to  =  £(C+A«), 
An 

■k[C 2 

AH 


uQ(z)  =Au  +  bu,      w  =  k(C  —  Au  —  Su), 


z<-AH 
-AH<z<AH 

z>AH 


so   that   ui/0=(k/m)a(Z+l),  w3//8=  (k/m)a(£-l-8), 
where  0  =  Au/AH,  a  =  mAH,  £  =  C/Am,  and  5=--&u/Au. 
Finally,  we  require  that  the  modified  vertical  velocity 
IF  not  become  infinite  at  infinity. 

5.  The  eigensolutions 

If  we  choose  the  origin  to  be  at  the  center  of  the  shear 
layer,  i.e.,  at  H  +A//,  solutions  which  satisfy  the  bound- 
ary conditions  in  the  various  layers  are: 


ir2=nv 


sinb.7i(z+#-f-A£0 

/ 

sinh7i/7 

sinhwz-f-.l  coshwzc 


(17) 


iinhmAH+A  coshmAH 

sinh»!C-f-4  coshws 


=  11 


f/fiAir 


(18) 


sinhwA//  +  4  coshmAH 

ir3  =  1Fy/|^//exp[-73(z-A//).  (19) 

Satisfying  the  condition  (16)  at  the  lower  boundary  of 
the  shear  layer  we  find  for  A  that 


(£-f-l)2(a,  tanha+a)-(|-f  1)  Uinha-R' (m/k)2  tanha 
(Z+l)i(al+ata.nha)-(Z+l)-R'(m/k)2 


(20) 
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and  from  the  condition  at  the  upper  boundary 

a3(£-l-<5)2tanha+a(t-l)2+(S-l)  t3.nha-R(m/k)2  tanha 
A  =  — 


a3(t-l-8)2+a(Z-l)2t<mha+($-l)-R(m/k)2 


(21) 


where  £  =  C/Ak  =  {a/fid)  (m/k),  C  =  a/k  is  the  velocity 
of  the  disturbance,  ai  =  7iA//  ctnh  yiH ,  a3  —  jzAH, 

73=[l-(.V3//3)2/(^//?)2]'w, 
7.  =  [l-(-V1/W/(Wl/^)2]S;W) 

gAP  AH    gAd  AH 
p0   An2      60   An2 


R  = 


where  0  is  potential  temperature,  and  Ad  the  potential 
temperature  discontinuity  at  the  top  of  the  shear  layer, 
and 


R'  = 


gAd'  AH 
0„    Air' 


where  A0'  is  the  potential  temperature  discontinuity  at 
the  base  of  the  shear  layer  (A0'  =  ()  in  Fig.  1). 

Equating  (20)  and  (21)  yields  the  eigenvalue  curves 
for  the  model,  i.e.,  the  relation  between  £  and  a  for 
assumed  values  of  X3/(3,  5,  R  and  11/ AH.  It  is  similar 
to  Eq.  (16)  in  the  paper  by  Gossard  (1974)  except  that 
we  here  express  the  relations  in  terms  of  hyperbolic 
rather  than  exponential  functions.  We  have  generalized 
the  earlier  model  by  including  a  wind  discontinuity  bu  at 
the  top  of  the  shear  layer  and  by  permitting  the  lower 
layer  to  be  superadiabatic. 

Because  u  °c  k,  we  see  in  Eqs.  (12),  (20)  and  (21)  that 
buoyancy  terms  in  .Y-  and  R  always  appear  multiplied 
by  {m/k)2=\-\-l2/ Ir.  Therefore,  the  three-dimensional 
model  is  derivable  from  the  two-dimensional  case  simply 
by  introducing  a  modified  Vaisala-Brunt  frequency  and 
a  modified  R,  which  are  the  unmodified  quantities 
multiplied  by  m  'k  and  (m/k)2  respectively.  It  is  im- 
mediately seen  from  Eq.  (12)  that  the  buoyancy  term 
is  minimum  for  the  two-dimensional  case,  i.e.,  m  =  k. 
Therefore,  for  a  statically  stable  layer  (.Y->0),  the 
two-dimensional  model  is  least  stable  because  the  sta- 
bilizing effect  of  the  buoyancy  term  is  minimum.  How- 
ever, when  A'2<0,  the  destabilizing  effect  of  buoyancy 
becomes  larger  as  l/k  becomes  larger,  so  there  will  be  a 
tendency  for  disturbances  oriented  along  the  .v  direction 
(parallel  to  the  direction  of  shear)  to  grow  most  rapidly. 

It  should  also  be  noted  that  the  conditions  (20),  (21) 
apply  to  a  two-dimensional  perturbation  propagating 
at  an  angle  to  the  shear  as  well  as  to  the  three-dimen- 
sional disturbance  described  by  Eq.  (7). 

6.  The  unstable  roots 

It  is  of  primary  interest  to  inquire  what  value  of  the 
frequency  a  has  the  largest  imaginary  component  and 


to  determine  the  associated  value  of  a.  This  will  indicate 
the  scale  of  the  most  rapidly  growing  disturbance. 
(Actually,  sincea  =  wA//,  it  indicates  the  ratio  of  scale 
to  layer  thickness.)  We  have  therefore  plotted  the  dis- 
persion relation  in  terms  of  <r  rather  than  £,  noting  that 
<r/@=a£k/m.  In  this  kind  of  analysis  it  is  presumed  that 
the  initially  most  rapidly  growing  disturbance  will  re- 
main the  dominant  scale  after  the  original  approxima- 
tions of  the  small-amplitude,  inviscid  theory  are  no 
longer  applicable. 

The  real  roots  of  Eqs.  (20),  (21)  can  be  easily  found 
using  an)'  modern,  programmable  desk  calculator.  The 
complex  roots  were  found  by  use  of  a  high-speed  com- 
puter and  a  search  algorithm  modified  from  one  origi- 
nally written  by  Lewis  (1966;  see  Moninger,  1974). 


FlG.  3.  Example  of  eigenvalue  curves  for  the  conditions  shown  on 
the  figure.  Solid  lines  represent  loci  of  real  roots;  short  dashed 
lines  represent  the  real  and  imaginary  parts  of  complex  roots.  Long 
dashed  lines  indicate  boundaries  within  which  |u>|<AY  Top 
frame:  The  imaginary  parts  are  shown  in  the  top  frame  of  the 
figure.  There  are  generally  two  domains  of  nonzero  imaginary 
part  (indicated  by  curved  arrows)  separated  by  a  region  of  real 
roots.  Both  positive  and  negative  values  of  the  imaginary  part  are 
solutions  but  they  have  been  arbitrarily  plotted  as  positive. 
Bottom  frame:  Hyperbola-like  solid"  curves  and  the  straight  line 
sloping  down  to  the  right  are  loci  of  real  roots.  The  interval  of  a 
between  noses  of  branches  of  hyperbolas  is  the  domain  of  dynamic 
instability  and  yield  the  stability  boundaries  plotted  in  the  next 
figures.  The  model  is  two-dimensional  so  m  =  k\  ///A//=l,  8  =  0, 
(AVtf)2  =  0.5,  (AV/3)2=-0.1. 
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Fig.  4.  Stability  boundaries  for  various  values  of  model  parameters  for  the  two-dimensional  case,  i.e.,  m  =  k.  The 
figure  demonstrates  the  influence  of  static  stability  in  the  upper  layer  cf  the  model  and  the  effect  of  a  wind  dis- 
continuity at  the  top  of  the  shear  layer.  &  =  5it/Au.  Points  actually  calculated  are  shown  as  X's.  73  is  not  real  for 
values  of  a  less  than  the  intercept  with  the  thin  vertical  line. 


a.  Bandwidth  of  the  instability 

Fig.  3  shows  an  example  of  the  loci  of  the  roots 
found  by  equating  (20)  and  (21)  for  conditions  indicated 
in  the  caption.  Purely  real  roots  are  indicated  by  solid 
lines.  The  real  and  imaginary  parts  of  complex  roots  are 
indicated  by  short  dashes.  Above  the  lower  line  com- 
posed of  long  dashes,  the  radicand  of  73  becomes  nega- 
tive, i.e.,  (/t/m)-a2(£-l-5)'-<(.Y3//3)2.  Physically,  this 
indicates  the  existence  of  vertical  fluxes  of  energy  and 
momentum  resulting  from  internal  gravity  waves  in 
the  upper  layer  of  the  model  and  implies  relative  dis- 
sipation of  disturbances  in  this  domain  of  the  figure  due 
to  leakage  of  energy  away  from  the  shear  layer.  For  R 
greater  than  about  unit)',  this  domain  of  complex  roots 
in  Fig.  3  is  separated  from  that  representing  dynamic 
instability.  (Note  separation  of  arrowheads  showing  the 
"foot"  of  the  curves  for  R=  1.5  and  /?=  2  in  the  upper 
frame  of  the  figure.)  At  smaller  values  of  R,  the  two 
domains  merge.  Above  the  upper  line  of  long  dashes  the 
radicand  of  y:,  again  becomes  positive.  If  roots  exist  in 
this  domain,  such  high-speed  disturbances  would  have 
their  energy  trapped  within  the  lower  regions  of  the 
model  like  those  in  the  domain  below  the  lower  dashed 
line. 


The  loci  of  the  real  part  of  the  complex  roots  in  the 
unstable  domain  link  the  noses  of  the  branches  of  the 
hyperbola-like  curves  representing  the  real  roots.  This 
region  delineates  the  instability  boundaries,  and  these 
instability  boundaries  are  shown  in  Figs.  4-6  for  many 
combinations  of  the  various  parameters  describing  the 
model. 

We  see  that  there  is,  in  general,  a  relatively  narrow 
band  of  unstable  wavenumbers.  The  narrow-band  char- 
acter of  the  instability  is  a  result  of  the  temperature 
discontinuity  at  the  top  of  the  shear  layer,  and  the 
scale  and  bandwidth  of  the  unstable  disturbances  de- 
pend significantly  on  R.  The  width  of  the  unstable  band 
shrinks  to  zero  as  //  tends  toward  zero  because  when 
h  =  0  there  is  no  inflection  point  in  the  velocity  profile 
(see  Fig.  1).  Because  we  have  chosen  a  model  in  which 
the  stability  (described  by  .V)  is  precisely  zero  in  the 
shear  layer,  there  is  instability  for  some  scales  at  all 
values  of  R.  The  width  of  the  band  of  unstable  wave- 
numbers  also  depends  importantly  on  the  intensity  of 
the  superadiabatic  layer  as  described  by  Xi/0,  the  sta- 
bility of  the  upper  atmosphere,  .V3//J,  and  the  height  // 
of  the  base  of  the  shear  layer.  As  seen  from  Fig.  6,  the 
lower  layer  need  not  be  superadiabatic  for  this  kind  of 
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FlG.  5.  Stability  boundaries  for  various  values  of  model  parameters  for  the  three-dimensional  case  in 
which  k  =  l,  i.e.,  m=  \A\k.  The  figure  demonstrates  the  influence  of  height  of  the  base  of  the  shear  layer 
above  the  surface  and  the  influence  of  a  wind  discontinuity  at  the  top  of  the  shear  layer.  Otherwise  see 
caption  for  Fig.  4. 
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Fig.  6.  Stability  boundaries  for  various  values  of  model  parameters  for  the  three-dimensional  case,  showing  the 
influence  of  intensity  of  the  superadiabatic  surface  layer.  Otherwise  see  captions  for  Figs.  4  and  5. 


345 


2118 


JOURNAL    OF     THE    ATMOSPHERIC     SCIENCES 


Volume  32 


Ah 


*Aa 


Fig.  7.  Dependence  of  bandwidth  of  unstable  disturbances, 
Aa,  on  the  ratio  of  the  height  of  the  base  of  the  shear  layer  to  its 
half-thickness  AH. 

instability  to  occur.  In  fact,  below  (Xi/p)2=  —0.5  the 
bandwidth  of  instability  shrinks  to  zero  at  m/k=  1.41. 
The  bandwidth  dependence  on  H  and  R  is  shown  in 
Fig.  7.  The  main  effect  of  5  is  to  shift  the  position  of 
the  band. 

b.  Propagation  velocity 

Relative  to  the  background  wind,  the  velocity  of  the 
most  unstable  disturbance  is  given  by  the  real  part  of  £ 
and  is  shown  plotted  in  Figs.  8-11  for  various  combina- 
tions of  model  parameters.  We  see  that  the  disturbance 
propagates  more  slowly  as  the  base  of  the  shear  layer 
lowers,  becoming  equal  to  the  ambient  velocity  of  the 
wind  in  the  lower  layer  as  //  shrinks  to  zero.  Likewise, 
the  propagation  velocity  decreases  as  the  lowest  layer 
becomes  more  intensely  superadiabatic.  The  propaga- 
tion velocity  becomes  that  of  the  wind  in  the  lower 
layer  when  (iVi//3)2  reaches  approximately  —0.5.  Typi- 
cally, values  of  C/Au  are  in  the  vicinity  of  —0.6,  which 


means  that  the  disturbance  moves  considerably  slower 
than  the  average  background  wind,  i.e.,  about  0.4  of  the 
wind  speed  at  the  center  of  the  shear  layer. 

c.  Convective  instability  and  roll  orientation 

Until  now,  we  have  considered  only  dynamic  insta- 
bility. However,  if  (Ni/ft)2  is  negative,  solutions  repre- 
senting convective  instability  also  exist.  As  (Xi//3)2  be- 
comes increasingly  negative,  it  seems  likely  that  a  point 
will  be  reached  at  which  convective  instability  will 
assume  the  dominant  role.  In  order  to  examine  the 
relative  roles  played  by  these  two  kinds  of  instability  it 
is  convenient  to  simplify  the  model  to  permit  simpler 
parameterization.  We  therefore  let  Ri  =  R2=(X3//3)2 
=  5  =  0.  The  static  stability,  shear  and  orientation  are 
then  represented  in  the  single  parameter  (Xi/(3)  (m/k). 
There  is  thus  an  equivalency  between  static  instability 
iYi/|8  and  disturbance  orientation  m/k,  and  the  results 
we  will  present  may  be  interpreted  in  terms  of  either 
parameter.  However,  it  must  be  remembered  that  m/k 
appears  also  in ,  the  dependent  variable  ^  —  C/Au 
=  (a //3a)  (m/k)  in  Eqs.  (20)  and  (21).  We  have  chosen 
to  parameterize  the  results  shown  in  Fig.  12  in  terms  of 
orientation  of  the  disturbance,  assuming  (Ari//3)2  = 
—0.05.  The  figure  can  also  be  used  to  describe  the  re- 
sults in  terms  of  (Xi/(3)2,  assuming  m/k=  1,  if  the  values 
of  (o/P)T,i  for  each  curve  in  the  figure  are  multiplied 
by  their  indicated  m/k.  Then  the  curves  in  increasing 
order  of  the  indicated  m/k  correspond  to  (Ni/0)2  = 
—0.05,  —0.45,  — 1,  —1.8,  —5,  respectively.. 

In  Fig.  12,  loci  of  pure-real  roots  are  labeled  "real." 
All  others  are  complex,  with  the  imaginary  part  plotted 
above  zero  on  the  <r//3  scale  and  the  real  part  plotted 
below.  Because  R  =  0,  only  the  right-hand  branch  of  the 
hyperbola-like  real  roots  (see  Fig.  3)  are  seen  in  Fig.  12a. 

There  are  several  points  of  interest  in  Fig.  12: 

1)  As  m/k  varies,  two  regions  are  evident.  One  region, 
shown  in  Fig.  12a,  has  a  set  of  roots  exhibiting  a  rather 
well-defined  most-unstable  scale.  These  roots  represent 
dynamic  instability  and  in  this  region  of  m/k  and  a 
dynamic  instability  dominates.  The  band  of  unstable 
wavenumbers  if  fairly  broad  because  22  =  0.  For  m/k 
=  1,3  there  is  another  set  of  roots  whose  loci  in  this 
region  are  nearly  straight  lines  passing  through  the 
origin.  These  roots  represent  convective  instability,  and 
have  no  most  unstable  scale.  In  the  region  in  Fig.  12b 
where  m/k^.-i.5,  or  (Xim/pk)2^  —  1,  only  roots  for 
convective  instability  exist  in  this  model.  Here  the 
instability  increases  steadily  as  a  increases  (scale  size 
decreases).  In  reality,  viscous  damping  would  take  over 
at  some  small  scale  size  yielding  a  most  unstable  scale 
at  some  high  wavenumber.  Thus,  there  may  be  two 
initially  most  rapidly  growing  scales  of  disturbance: 
one  dynamic  and  one  convective,  with  the  dynamic 
having  a  much  larger  scale  size.  It  seems  not  unreason- 
able that  the  larger  scale  dynamic  instability  may  some- 
times be  the  trigger  that  initiates  large  deep  convection. 
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Fig.  8.  Influence  of  the  height  of  the  base  of  the  shear  layer  on  the  phase  velocity  of  .the  most  unstable  disturbance :  Cr/An 
=  —  1  when  the  velocity  of  the  disturbance  is  0  relative  to  the  ground;  Cr/A«  =  0  when  the  velocity  of  the  disturbance  is  that 
of  the  wind  at  the  center  of  the  shear  laser. 


The  real  roots  also  exhibit  a  characteristic  behavior 
in  the  two  domains.  In  Fig.  12a,  the  right-hand  branch 
of  the  hyperbola-like  loci,  typical  of  the  real  roots  in 
Fig.  3,  are  to  be  seen  at  the  lower  right.  At  the  value 
m/k=A.5,  where  dynamic  instability  is  cut  off,  the 
lower  part  of  the  hyperbola  no  longer  bends  back 
toward  larger  a,  and  in  the  convective  domain  (Fig. 
12b)  they  loop  in  the  origin.  This  conclusion  is  quite- 
general  and  is  not  altered  by  letting  .Ys/jS,  R  or  5  be 
non-zero.  However,  if  R'  is  not  zero  it  is  no  longer  true. 

2)  In  the  domain  dominated  by  dynamic  instability 
the  most  unstable  configuration  is  a  two-dimensional 


(N±\2 

1  R  I 


Fig.  9.  Influence  of  wind  and  temperature  discontinuity  on  the 
phase  velocity  of  the  most  unstable  disturbance.  &  =  8u/Au.  For 
interpretation  of  ordinate  scale,  see  caption  for  Fig.  8. 


disturbance  transverse  to  the  shear  (m/k  =  l)  and  is 
probably  the  explanation  of  those  cloud  streets  ob- 
served to  be  oriented  transverse  to  the  mean  wind  shear. 

3)  In  the  domain  of  convective  instability  the  most 
unstable  configuration  is  a  two-dimensional  disturbance 
aligned  along  the  shear  (m/k=  °o)  and  is  probably  the 
explanation  of  those  cloud  streets  aligned  along  the 
mean  wind  shear. 

4)  Making  (A'i//J)2  more  negative  increases  the  con- 
vective instability  but  decreases  the  dynamic  insta- 


*■£ 


(N,//3) 


Fig.  10.  Influence  of  intensity  of  superadiabatic  layer  on  the 
phase  velocity  of  the  most  unstable  disturbance.  For  interpretation 
of  ordinate  scale,  see  caption  for  Fig.  8. 
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a  =  0.72  and   1.0,  respectively,  when   (Nz/0)2  is  0.45 
and  1.0. 
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Fig.  11.  Influence  of  static  stability  of  the  upper  atmosphere  on 
phase  velocity  of  the  most  unstable  disturbance  for  the  two-di- 
mensional model.  For  interpretation  of  left-hand  scale  see  caption 
for  Fig.  8. 

bility  until  it  is  cut  off  for  (Ari?«//3£)2  $J  —  1.  Thus  shear 
increases  the  dynamic  instability  while  it  stabilizes 
the  convectively  unstable  modes.  There  are  multiple 
solutions  for  the  convective  type  of  instability,  repre- 
senting higher  order  modes.  In  Fig.  12  we  have  shown 
only  the  most  unstable  roots  of  this  type. 

The  conclusions  above  are  remarkably  similar  to  re- 
sults obtained  by  Asai  (1970)  for  a  very  different  model. 
Asai  chose  a  model  with  mean  flow  between  parallel, 
free  boundaries  across  which  a  linear,  statically  unstable 
temperature  prol.le  was  assumed  to  exist.  The  proi.le  of 
the  mean  flow,  which  had  an  inflection  point,  was  de- 
scribed by  M0(z)  =  5[l  —  (22— 1)23",  n  —  l,  2, In  con- 
trast, our  model  has  no  shear  across  the  statically  un- 
stable lower  layer,  within  which  the  momentum  is 
assumed  to  be  intensely  mixed,  but  instead  the  shear  is 
across  a  statically  neutral  layer  above.  Furthermore, 
these  two  layers  are  capped  with  a  statically  stable  re- 
gion. Asai  called  the  dynamically  unstable  domain 
"inertially  unstable,"  and  the  convectively  unstable 
domain  "thermally  unstable." 

The  four  points  listed  above  are  not  altered  funda- 
mentally when  R  and  (N3/0)2  are  not  zero.  The  main 
effect  of  R  is  to  narrow  the  band  of  dynamically  unstable 
wavenumbers  while  leaving  the  convective  domain 
virtually  unchanged.  The  principal  effect  of  increasing 
stability  above  the  shear  layer  is  to  shift  everything  to 
the  right  along  the  a  axis.  For  example,  the  most  un- 
stable wavenumber  in  the  dynamically  unstable  domain 
is  shifted  toward  larger  wavenumbers  much  as  shown 
in  Fig.  4.  The  magnitude  of  the  static  instability  at 
transition  [(A*i»z//3&)2=  —  1]  does  not  vary  with 
upper  level  stability,  or  /?=^0,  but  the  position  of  the 
transition  shifts  to  the  right  on  the  a  axis.  At  a/0  =  O 
the  real  root  is  at  a  =  0.5  when  (AV/8)2  =  0,  but  is  at 


Fig.  12.  Effect  of  orientation  of  perturbation  on  instability.  Plots 
are  the  loci  of  roots  for  a  model  in  which  ///A//=l,  {Ni/fi)1 
=  -0.05,  R  =  R'  =  N3/0  =  O.  Pure-real  roots  are  labeled  "real." 
The  other  curves  are  complex  roots  with  the  imaginary  part 
plotted  above  zero  on  the  <t//3  axis  and  the  real  part  is  plotted  be- 
low. The  top  frame  shows  the  domain  of  m/k  in  which  dynamic 
instability  is  dominant.  The  bottom  frame  shows  the  domain  in 
which  only  convective  instability  exists.  The  curves  can  also  be 
interpreted  in  terms  of  strength  of  static  instability  in  the  lower 
layer  instead  of  orientation  (see  text).  The  four  major  conclusions 
to  be  drawn  from  this  figure  are  listed  in  Section  6  in  the  subsection 
on  convective  instability  and  orientation. 
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7.  Discussion 

We  have  taken  no  account  of  transient  conditions  in 
our  formulation  of  the  problem  because  our  goal  was 
limited  to  rinding  the  conditions  for  the  onset  of  dy- 
namic instability  of  infinitesimal  disturbances.  By  the 
nature  of  the  assumptions,  such  disturbances  will  ini- 
tially grow  exponentially  with  time.  Much  theoretical 
work  has  been  done  on  the  way  the  boundary  layer 
evolves  after  sunrise.  Recent  papers  in  this  category 
include  those  of  Tennekes  (1973),  Stull  (1973)  and 
Carson  (1973).  These  models  have  been  concerned 
with  the  heat  budget  in  the  boundary  layer  as  the 
day  progresses,  i.e.,  they  consider  the  effects  of  solar 
heating  of  the  surface,  entrainment  of  air  across  the 
interfacial  (capping)  inversion,  and  (sometimes)  sub- 
sidence, on  the  rate  of  increase  in  depth  of  the  convec- 
tive  boundary  layer.  They  do  not  explicitly  include  the 
effects  of  shear,  advection,  evaporation  or  (usually) 
radiation.  In  contrast,  we  explicitly  focus  on  the  effects 
of  shear  and  the  capping  inversion,  and  we  will  only 
qualitativeh'  consider  how  the  developing  boundary 
layer  might  create  the  inflection  point  in  the  wind  profile 
needed  to  generate  this  kind  of  dynamic  instability. 

Thus  one  might  imagine  the  following  sequence  of 
events  to  occur  following  sunrise.  As  the  night  ends, 
assume  that  the  lower  atmosphere  is  characterized  by  a 
surface-based  shear  layer  such  that  the  wind  profile  has 
no  inflection  points.  Because  shear  always  appears  in 
dimensionless  quantities  along  with  the  Yaisala-Brunt 
frequency  A"  or  the  temperature  discontinuity  Ad,  note 
that  this  kind  of  instability  is  possible  even  though  the 
shear  be  made  arbitrarily  small — but  not  zero.  As  sur- 
face heating  proceeds,  an  intensely  mixed  layer  forms 
next  to  the  ground,  and  the  resulting  large  rate  of 
transfer  of  momentum  leads  to  a  nearly  constant  wind 
throughout  the  lower  layer  (except,  of  course,  in  the 
constant  flux  layer  next  to  the  ground  ignored  in  our 
model).  The  base  of  the  shear  layer  is  then  approxi- 
mately at  the  top  of  the  intensely  mixed  layer,  and  the 
resulting  inflection  point  in  the  pro  le  leads  to  dynamic 
instability.  This  situation  might  resemble  that  shown  in 
Fig.  2.  As  the  base  of  the  shear  layer  rises,  the  strength 
of  the  dynamic  instability  increases  until  a  height  of 
about  h=AIi  is  reached,  after  which  there  is  little 
further  increase.  As  it  increases,  the  instability  may  be- 
come sufficient  to  overcome  the  frictional  resistance  in 
the  system  and  large-scale  perturbations  may  be  ini- 
tiated which  will  presumably  modify  the  environment 
and  invalidate  the  linearizing  assumptions  used  in  pre- 
dicting the  conditions  for  the  initial  onset  of  the  insta- 
bility. It  is  even  possible  that,  if  the  lower  atmosphere 
contains  an  adequate  moisture  supply  and  favorable 
mesoscale  circulation,  the  perturbation  may  be  sufficient 
to  trigger  the  thermodynamic  processes  needed  to  bring 
about  large  deep  convection  associated  with  storms. 

We  should  not  expect  the  above  eigenvalue  relations 
or  even  the  predicted  kinematics  of  the  flow  to  be  valid 


later  in  the  convective  development  when  the  inviscid 
and  small  perturbation  assumptions  no  longer  hold. 
However,  with  that  disclaimer,  we  will  proceed  to  calcu- 
late the  flow  patterns  hoping  the  reader  will  exercise 
suitable  caution  in  comparing  them  with  real  convective 
systems,  especially  near  the  critical  level. 

8.  Flow  patterns,  vorticity,  and  divergence 

The  behavior  of  the  flow  patterns  near  the  critical 
level  in  the  three-dimensional,  inviscid  shear  model  is 
interesting.  Infinities  occur  in  U,  V  and  vorticity  at  the 
critical  level  that  are  not  found  in  two-dimensional 
models.  To  show  this  we  first  express  all  velocity  compo- 
nents in  terms  of  the  perturbation  in  IF  at  the  top  of 
the  shear  layer  [i.e.,  Wh+2ah  in  Eqs.  (18)  and  (19)]. 
Letting  the  total  velocity  uT  =  uu(z) -\- lr ,  where  u0  is  the 
unperturbed  and  U  the  perturbed  component  of  the 
velocity  in  the  x-direction,  we  find  from  Eqs.  (13)  and 
(14)  that 

k  /'-" 
0—  )  V{z)  cos/y  sin (>b— a/),     (22) 


llT  =  tlu(z) 


\dz    o>   k2/ 


I  /  6      k   \ 

F= 1— +-/j]iF(z)sin/ycos(/h— a/), 

m2\dz    a>  I 


!F  =  IF(z)  cos/y  cos  (lb— a/), 


(23) 


(24) 


where  !F(z)  is  given  by  Eqs.  (17)— (19).  We  again  re- 
mind the  reader  that  the  origin  of  the  height  coordinate 
is  at  the  center  of  the  shear  layer  (see  Fig.  1)  so  that 
in  the  shear  layer  ?<o(s)  =  0z  where  0  is  the  shear  factor — 
assumed  here  to  be  constant. 

It  is  important  to  note  that  the  2nd  term  in  the 
parentheses  of  Eqs.  (22)  and  (23)  becomes  infinite  where 
u>  =  0.  If  w  is  real,  this  occurs  at  the  level  where  the 
disturbance  velocity  is  equal  to  the  environmental  flow 
velocity,  i.e.,  the  critical  level.  Consequently,  U  and  V 
there  become  infinite  even  though  W  and  its  height 
derivative  do  not  and  even  though  there  are  no  singu- 
larities in  the  wave  equation  in  IF.  This  is  a  result  of 
the  three-dimensional  nature  of  the  model,  as  seen  from 
the  fact  that  when  /  =  (),  i.e.,  the  wave  propagates  pre- 
cisely in  the  direction  of  the  shear  vector,  the  terms  in 
or1  drop  out  and  the  infinities  disappear.  They  also 
disappear  even  in  the  three-dimensional  case  if  there  is 
no  shear,  i.e.,  /3  =  0. 

From  (18)  and  (19)  we  can  calculate  the  vorticity 
and  divergence.  In  the  horizontal  plane,  the  vertical 
component  of  vorticity  is 

dV     duT        (il 
vor/i  = =  H — IV 

dx       dy  a) 

and  the  divergence  is 

duT    dV         d)V 

div  = + — = . 

dx      dy  dz 
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Fig.  13.  Vorticity  pattern  (solid  curves)  and  divergence  pattern 
(dashed  curves)  at  the  base  of  the  shear  layer  (z/AH  =  —  \)  of 
a  model  in  which  H/MI=\,  (AV/3)2=1,  (Ar,/B)2= -0.1,  *  =  /, 
5=1,  R=l  and  2A»/H'//  =  4.  Then  ar  =  0.62,  A  =  -1.21  and  the 
critical  level  is  at  a  height  of  z/All  =  —0.48. 

If  co  is  real,  we  see  that  vorticity  becomes  infinite  at  the 

critical  level  ^unless  IF (2)  goes  to  zero  as  fast  or  faster 

than  co  as  2— >2C[]  while  divergence  remains  well  behaved. 

In  the  middle  layer,  where  «//8=  (ka/m)(£  —  z/AH), 


Fig.  14.  As- in  Fig.  12  except  z/AII-- 
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1)  the  disturbance  is  three-dimensional  and  2)  vertical 
shear  exists  in  the  background  wind.  If  the  disturbance 
is  two-dimensional  (/  =  0),  or  if  there  is  no  shear 
(A;<  =  0,  £=<»),  vor//  =  0  in  this  model.  Contours  of 
vorticity  (solid  curves)  and  divergence  in  four  hori- 
zontal planes  bracketing  the  critical  level  (taken  to  be  at 
z/AII=  —0.48)  are  shown  in  Figs.  12-16.  At  the  critical 
level  the  vorticity  becomes  infinite  and  reverses  sign, 
but  in  the  real  atmosphere  both  viscosity  and  nonlinear 
effects  must  have  an  important  influence  at  this  level. 
However,  in  spite  of  the  defects  associated  with  the 
linear  theory,  it  seems  clear  that  vorticity  can  occur  in 
such  three-dimensional  systems  even  when  large-scale 
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It  is  readily  seen  from  Eq.  (27)  that  the  presence  of 
a  critical  level  has  an  important  effect  on  vorticity  when 


Fig.  15.  As  in  Fig.  12  except  z/A//=-0.6. 
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Fig.  16.  As  in  Fig.  12  except  z/A//=  —0.4. 

horizontal  gradients  of  velocity  are  absent  and  without 
any  particular  concentration  of  vorticity  in  the  back- 
ground flow  by  the  disturbance  itself. 

9.  Conclusions 

We  have  analyzed  the  dynamic  stability  and  kine- 
matics of  a  sheared  convective  boundary  layer  capped 
by  a  temperature  and  wind  discontinuity;  a  neutral 
or  unstable  surface  layer  lies  beneath  an  adiabatic 
layer  under  shear.  We  find  that  the  capping  inversion 
can  lead  to  a  narrow  band  of  unstable  wavenumbers 
that  depends  on  shear  layer  thickness.  The  bandwidth 
and  propagation  speed  of  these  "most  unstable"  scales 
is  closely  related  to  the  height  of  the  shear  layer  above 
the  surface.  In  fact,  the  width  of  the  band  of  instability 
shrinks  to  zero  when  the  shear  layer  becomes  surface- 
based  or  when  the  intensity  of  the  thermal  instability 
of  the  lower  layer  becomes  high.  The  static  stability 
above  the  shear  layer  determines  what  scales  of  dis- 
turbance can  leak  their  energy  away  from  the  shear 
layer  by  internal  gravity  wave  propagation  into  the 
upper  atmosphere,  because  it  determines  the  position 
of  the  long-dashed  lines  in  Fig.  3. 

Whereas  there  is  a  most  unstable  wavelength  asso- 
ciated with  dynamic  instability,  convective  instability 
is  greater  the  higher  the  wavenumber,  in  the  absence 
of  viscosity;  so  dynamic  instability  will  tend  to  be 
dominant  at  the  larger  scales.  The  shear  needed  to 
produce  dynamic  instability  actually  reduces  the  mag- 
nitude of  the  convective  instability.  Two-dimensional 
disturbances  aligned  transverse  to  the  wind  shear  are 
most  dynamically  unstable,  while  two-dimensional  rolls 
aligned  along  the  wind  shear  are  most  convectively 
unstable. 


We  have  shown  that  the  kinematics  and  vorticity  of 
initially  "most-unstable,"  three-dimensional  distur- 
bances under  shear  depend  importantly  on  the  presence 
of  a  critical  level  within  the  growing  disturbance.  In- 
finities occur  in  the  three-dimensional,  inviscid  shear 
models  that  do  not  occur  in  the  two-dimensional  models. 
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NATURAL  INFRASOUND:  A  ONE  YEAR  GLOBAL  STUDY 
Gary  E.  Greene  and  Joe  Howard 


Using  continuous  pressure  records  from  eight  infrasonic  observatories 
around  the  world,  we  have  compiled  statistics  on  infrasound  occurrence  and 
on  the  background  noise  distribution  that  affects  the  detectability  of 
infrasound.  With  triangulation,  the  source  locations  for  over  200  infra- 
sonic  events  have  been  established.  The  most  frequently  detected  sources 
appear  to  lie  in  or  near  certain  mountainous  regions  throughout  the  world. 
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An  Investigation  of  Extreme  Low-Level  Wind  Shear  at  Selected 
Stations  in  the  Conterminous  United  States 

Robert  L.  Grossman1  and  Donald  W.  Beran 

Wave  Propagation  Laboratory,  NO  A  A  Environmental  Research  Laboratories,  Boulder,  Colo.  80302 
(Manuscript  received  1  May  1974,  in  revised  form  9  January  1975) 

ABSTRACT 

The  occurrence  of  extreme  low-level  wind  shear  at  10  stations  in  the  conterminous  United  States  is  in- 
vestigated by  applying  a  bivariate  frequency-distribution  analysis  to  rawinsonde  and  pibal  data.  Data  for 
Denver,  Colo.,  received  additional  analysis  and  showed  that  extreme  wind  shears  were  associated  with 
particular  synoptic  conditions.  Many  stations  indicated  variation  of  extreme  shear  with  season.  Large  values 
of  extreme  wind  shear  were  found  to  correlate  well  with  mean  storm  tracks  in  the  conterminous  United  States. 


1.  Introduction 

Characteristics  of  the  vertical  variation  of  the  hori- 
zontal wind  component  have  been  extensively  investi- 
gated in  the  lowest  layers  of  the  atmosphere.  Most  of 
these  studies  have  dealt  with  the  general  characteristics 
of  low-level  wind  shear,  with  little  emphasis  on  occur- 
rences of  extreme  values.  In  recent  years,  the  effect  of 
wind  shear  on  aircraft  takeoff  and  landing  has  come 
under  review  (Gera,  1971;Melvin,  1970;  Watson,  1969), 
and  extreme  wind-shear  incidence  and  aircraft  accidents 
have  been  shown  to  correlate.  As  early  as  1964,  the 
International  Civil  Aviation  Organization  Commission 
for  Aeronautical  Meteorology  (CAeM/III)  asked  mem- 
ber states  to  investigate  low-level  wind  shear  conditions, 
with  emphasis  on  the  occurrence  of  extreme  values,  in 
the  vicinity  of  aerodromes. 

The  results  of  several  studies  conducted  at  airfields 
and  meteorological  towers  since  1964  have  direct  appli- 
cability to  aircraft  operations.  Some  of  these  studies 
can  be  found  in  two  World  Meteorological  Organization 
(WMO)  Technical  Notes:  Aeronautical  Meteorology 
(1969)  and  Vertical  Wind  Shear  in  the  Lowest  Layers 
of  the  Atmosphere  (1969).  The  work  presented  in  these 
WMO  Technical  Notes  emphasizes  that  no  true  clima- 
tology of  low-level  wind  shear  exists  for  the  United 
States. 

The  work  reported  here  provides  a  statistical  back- 
ground on  the  climatological  aspects  of  extreme  low- 
level  wind  shears  at  various  points  in  the  conterminous 
United  States  and  explores  the  applicability  of  such 
information  to  aircraft  operations. 


1  Present  affiliation :  Advanced  Study  Program,  National  Center 
for  Atmospheric  Research.  The  National  Center  for  Atmospheric 
Research  is  sponsored  by  the  National  Science  Foundation. 


2.  Models  of  wind  shear  and  its  extremes 

Three  approaches  may  be  used  in  modeling  wind  shear 
and  its  extremes.  These  are  1)  physical  models,  which 
treat  the  motion  equations  either  analytically  or  nu- 
merically; 2)  statistical  models,  which  treat  character- 
istics of  the  population  distribution  of  wind  shear;  and 
3)  meteorological  models,  which  deal  with  meteorologi- 
cal conditions  associated  with  observations  of  extreme 
wind  shear.  We  will  be  concerned  with  the  latter  two. 
Those  interested  in  physical  modeling  are  referred  to 
Taylor  (1970)  and  Arya  (1972),  among  others. 

For  statistical  modeling,  we  must  first  determine  the 
type  of  population  distribution  which  applies  to  wind 
shear.  Second,  we  must  determine  whether  this  distri- 
bution is  universal.  If  it  is,  then  the  next  step  is  to 
discover  the  relationship  between  statistics  of  the  distri- 
bution, from  which  extreme  values  can  be  found,  and 
easily  measured  meteorological  parameters.  An  alter- 
nate method  would  be  to  concentrate,  in  a  similar 
manner,  only  on  the  extreme  value  distributions.  It  is 
not  known  at  this  time  whether  or  not  the  wind  shear 
distribution  is  universal.  In  fact,  the  exact  form  of  wind 
shear  distributions  in  specific  areas  has  not  been  con- 
clusively determined. 

Fichtl  (1971),  using  a  limited  data  set  from  Cape 
Canaveral,  treated  statistical  modeling  of  wind  shear 
from  the  similarity  view  of  turbulent  motions.  His 
approach  was  to  universalize  certain  statistical  param- 
eters by  proper  scaling  and  to  associate  the  variation 
of  these  scaled  parameters  with  certain  external  dimen- 
sionless  parameters  which  include  combinations  of  sen- 
sor separation,  measurement  height,  Coriolis  parameter, 
friction  velocity,  and  Monin-Obukhov  stability  length. 

Most  statistical  results  reported  so  far  should  be 
considered  as  background  material  because  they  have 
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not  attempted  to  relate  the  statistics  of  a  distribution 
to  meteorological  parameters  or  variables.  In  contrast, 
as  we  have  done,  they  have  dealt  with  the  gross  char- 
acteristics of  the  distribution,  such  as  frequency  of  oc- 
currence using  relatively  long-time  series  covering  a 
wide  variety  of  meteorological  conditions. 

Reports  resulting  from  the  original  CAeM/III  re- 
quest show  that  individual  component  differences  of 
5  m  s_1  in  the  first  30  m  (the  critical  value  established 
by  CAeM/III,  1964)  make  up  about  1%  of  the  total 
number  of  occurrences.  These  same  reports  provide 
little  information  on  persistence  of  extreme  wind  shear. 
This  characteristic  should  be  included  in  a  working 
model.  Kusano  et  al.  (1967)  cited  a  case  of  extreme  wind 
shear  persisting  for  22  h,  indicating  that  some  cases  are 
more  heavily  influenced  by  mesoscale  and  synoptic- 
scale  events  than,  for  instance,  by  local  stability. 

The  object  of  meteorological  wind  shear  modeling  is 
to  determine  the  set(s)  of  meteorological  conditions 
under  which  extremes  of  wind  shear  exist  and  the  extent 
to  which  these  conditions  influence  or  are  associated 
with  persistence  of  the  extreme  shear  occurrence.  For 
planning  purposes,  the  statistical  approach  is  probably 
the  most  useful;  for  operations,  the  meteorological  ap- 
proach is  better  because  the  conditions  under  which 
extreme  shears  may  occur  could  be  recognized  by  an 
experienced  meteorologist,  especially  at  stations  where 
low-level  wind  profiles  are  not  routinely  measured. 

It  is  recognized  that  large  values  of  low-level  wind 
shear  are  associated  with  the  low-level  wind  maxima 
(Abramovic  and  Glazunov,  1969;  Rider  and  Armen- 
dariz,  1966)  paralleling  the  observation  of  jet-stream- 
linked  strong  wind  shears  in  the  free  atmosphere 
(Reiter,  1961).  Strong  wind  shears  in  the  boundary 
layer  are  often  found  in  stable  rather  than  unstable 
atmospheric  stratification  (Mashkova,  1967;  Pettitt 
and  Root,  1969;  Rijkoort,  1969;  Tsverava,  1967).  In 
an  apparent  contradiction,  Marwitz  (1971)  and  Colmer 
(1971)  noted  strong  wind-shear  conditions  existing  in 
the  cold  air  outflow  of  cumulonimbus;  however,  the 
cold  air  outflow  provides  for  local  stability  in  the 
boundary  layer  even  though  the  atmosphere  is  unstable 
through  a  deeper  layer  (Zipser,  1969).  Boucher  et  al. 
(1965),  Jefferson  (1966)  and  Sowa  (1972)  reported 
strong  wind-shear  occurrences  in  the  vicinity  of  frontal 
surfaces.  In  Japan,  Kusano  et  al.  (1967)  correlated 
strong  wind  shear  with  the  following  synoptic  condi- 
tions: cold  fronts,  outbursts  of  winter  monsoon,  high 
pressure  areas  (possibly  agumented  by  a  land-sea  breeze 
circulation),  and  typhoons.  They  noted  that  low  visi- 
bility is  unlikely  to  be  accompanied  by  strong  wind 
shear. 

In  summary,  existing  literature  suggests  these  mete- 
orological characteristis  of  strong  wind  shear:  1)  associ- 
ated with  stable  rather  than  unstable  boundary-layer 
conditions ;  2)  frequently  seems  to  be  caused  by  changes 
in  wind  direction  with  height  rather  than  with  changes 
in  wind  speed  with  height,  direction  remaining  constant ; 


and  3)  often  found  in  the  vicinity  of  frontal  zones  which 
carry  with  them  the  characteristics  of  stable  conditions 
in  the  lowest  layers  and  the  wind  direction  shifts  noted 
in  1)  and  2)  above. 

3.  Effect  of  wind  shear  on  aircraft 

Consider  an  aircraft  during  the  critical  landing  opera- 
tion. The  aircraft  is  moving  horizontally  as  it  descends 
making  the  horizontal  wind  parameter  of  interest, 


n, 

LazJ 


A  rAV 

Ax\ 


where     V=wi+ij. 


(1) 


The  A  is  used  to  emphasize  data  acquisition  restraints. 
Generally,  the  principle  of  horizontal  homogeneity  is 
invoked,  and  the  operative  parameter  becomes  AV/Az, 
measured  at  one  point  near  the  landing  strip.  Data 
acquisition  requirements  lead  to 


AV 
Az 


=0+0 


(2) 


where  the  overbar  denotes  a  time  average  and  the  prime 
a  departure  from  the  mean,  or  a  "shear  gust." 

In  turbulence  theory,  an  acceptable  averaging  time 
is  one  in  which  the  average  of  the  deviations  is  nil. 
Wind  shear  data  acquisition  for  aircraft  operations  may 
compromise  this  important  criterion.  Furthermore,  it  is 
possible,  considering  studies  of  vertical  shear  in  the  free 
atmosphere,  that  the  correct  averaging  time  for  appli- 
cation to  (2)  would  be  a  function  of  As  (Reiter  and 
Lester,  1967). 

Some  assumptions  can  be  made  that  lead  to  an  esti- 
mate of  the  averaging  time,  and  Az  to  be  used  for  most 
major  airport  operations.  Refinements  of  these  estimates 
ultimately  depend  upon  the  aerodynamic  response  of  a 
given  aircraft.  If  an  aircraft  is  descending  at  about 
3  m  s_1  with  85  m  s_1  ground  speed,  and  if  it  takes  a 
pilot  approximately  1  s  to  decide  to  correct  for  an  ap- 
proach problem,  1  s  to  act  upon  it,  and  still  another 
second  for  the  aircraft  to  respond,  then  the  aircraft  has 
traversed  9  m  vertically  and  about  255  m  horizontally. 
The  above  estimates  are  crude,  but  they  give  some  idea 
of  the  spatial  and  temporal  limits  (i.e.,  Az>9m  and 
an  averaging  time  >3  s).  These  types  of  limits  will  hold 
even  if  the  aircraft  responds  to  a  smaller  space  interval 
and  averaging  time.  Furthermore  operational  averaging 
time  may  depend  in  part  on  the  persistence  of  small 
shear  layers.  In  addition,  Burnham  (1970)  suggested 
that  a  pilot  may  not  be  able  to  distinguish  between  the 
gustiness  of  the  horizontal  wind  field  and  a  sudden  wind 
vector  change  on  his  descent  through  a  shear  layer. 
Various  investigators  [see  the  two  WMO  Technical 
Notes  (1969)  mentioned  earlier]  gave  results  on  data 
averaged  from  5  s  to  60  min.  Suggestions  for  optimum 
averaging  times  ranged  from  "nearly  instantaneous"  to 
less  than  4  min. 
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4.  Method  of  analysis 

Three  questions  were  relevant  to  determing  the 
method  of  analysis.  First,  what  is  the  best  way  to  pre- 
sent a  frequency  distribution  of  a  vector  field?  Second, 
given  the  data  set  (see  Section  5),  how  should  the 
CAeM  extreme  wind-shear  criterion  be  applied?  Third, 
how  should  this  criterion  be  applied  to  aircraft  opera- 
tions to  produce  results  consistent  with  the  CAeM 
standard  format  of  wind  shear  statistics?  We  will  take 
up  each  of  these  questions  in  turn. 

a.  Frequency  distributions  of  vector  fields:  The  bivariate 
frequency  table 

Wind  shear,  like  wind  velocity,  is  a  vector  quantity. 
It  can  be  described  by  two  scalar  variables:  either  a 
direction  and  magnitude  or  x  and  y  components.  Mar- 
ginal frequency  distributions  of  either  scalar  variable 
(i.e.,  distribution  of  x  components  and  distribution  of  y 
components)  force  one  to  view  the  scalar  parameters  as 
independent  of  one  another.  This  may  be  true  over 
very  short  periods  of  time  when  trends  are  small 
(Panofsky  and  Crutcher,  1951),  but  it  is  probably  not 
true  when  wind  shear  components  are  treated  in  a 
climatological  sense.  Previous  wind  shear  studies  have 
not  considered  the  probability  that  the  two  scalar  vari- 
ables are  interdependent. 

Crutcher  (1957)  discussed  the  use  of  the  bivariate 
frequency  distribution  as  applied  to  vector  wind  fields 
in  the  free  atmosphere,  where  the  two  variables  were 
the  x  and  y  components  of  the  wind  velocity.  Crutcher 
and  Baer  (1962)  used  this  approach  to  develop  an  ellip- 
tic bivariate  normal  distribution  model  of  a  climatologi- 
cal series  of  upper  wind  data. 

To  comply  with  CAeM  wind  shear  formats,  the  vector 
wind  was  broken  into  x  and  y  components,  as  in  Fig.  1, 
and  component  differences  between  levels  were  then 
taken.  All  shear  values  were  given  as  wind  speed  dif- 
ferences (m  s-1)  for  a  known  Az.  A  bivariate  table  was 
constructed  using  the  component  differences  as  in  Fig.  2. 


V.H.y,,,^) 


(\u->:) 


•  0°,  f.«.u  l+l 


ito*s,H 

Fig.  1.  The  wind  vector  and  its  components.  Example  shown 
is  for  a  southwest  wind.  This  figure  is  based  upon  the  National 
Climatic  Center  Winds  Aloft  Summary  format. 
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Fig.  2.  Format  of  bivariate  frequency  table  used  as  basis  for 
this  study.  Bivariate  classes  (at  top  and  on  right  side  of  figure) 
form  cells  representing  the  bivariate  frequency  in  percent  of  total 
occurrences.  Marginal  frequency  distributions  are  at  bottom  (for 
Am,  m  s_1)  and  on  left-hand  side  (for  Av,  m  s_1).  Other  information 
on  the  table  includes  station,  month,  period  of  observation, 
sample  number,  log  of  methods  of  observation,  number  of  calms, 
layer  considered,  and  mean  shear  vector  in  component  form. 

The  values  in  the  table  were  normalized  so  that 


// 


P(x,y)dxdy=  100, 


where  P{x,y)  is  the  percent  occurrence  for  x,  given  y,  or 
vice  versa. 

To  find  the  frequency  of  occurrence  of  shear  vectors 
originating  between  angles  02^ oc^ai  and  having  a  mag- 
nitude I  AV  I  between  |  AV2 1  ^  |  AV  |  ^  |  AVi  | ,  one  needs 
to  perform  the  integration 


pat      /-|AVj| 
J  a\     "MAV.I 


P(a,\AV\)dad\A\\ 


(4) 


which  is  shown  graphically  in  Fig.  3.  In  practice,  the 
bivariate  frequencies  in  each  cell  of  the  table  are 
summed  to  give  the  frequency  of  occurrence  within  the 
desired  limits.  The  bivariate  frequency  table  is  well 
suited  for  operational  use.  Airport  operations  personnel 
might  want  the  shear  vector  components  with  respect 
to  a  certain  runway  alignment  (i.e.,  alongwind  and 
crosswind  components)  rather  than  for  standard  mete- 
orological coordinates.  The  percent  occurrence  of  ex- 
treme crosswind  and  alongwind  shears  can  be  found  by 
using  the  overlay  shown  in  Fig.  4.  Marginal  frequency 
distributions,  such  as  those  given  in  the  two  WMO 
Technical  Notes  are  given  by  summing  each  row  and 
column  of  the  bivariate  frequency  table.  In  this  study, 
computer  roundoff  errors  caused  Eq.  (3)  to  be  slightly 
different  than  100. 
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Wind  shears  have  traditionally  been  modeled  by  the 
power  law  relationship 

V2       /Z2\" 

Vi   W 

Ekhardt  and  Newell  (1964)  report  extreme  wind  shear 
conditions  for  military  aircraft  for  w=0.3.  If  we  define 
AFsKj-  V\  and  Az=zi— Z\,  then  using  (5), 


*f-f{(Jh)'-i} 


(6) 


Fig.  3.  Graphical  depiction  of  integration  limits  for  finding 
frequency  of  occurrence  (sum  of  cell  frequencies  within  shaded 
area)  of  wind  shear  vectors  whose  magnitude  was  between  |  Vi  | 
and  |  Vj  |  and  whose  origin  was  between  angles  a,  and  a».  Contours 
are  in  percent  occurrence.  Note  shear  vector  is  drawn  from  a 
point  in  shaded  area  to  the  origin. 


b.  Criterion  for  extreme  wind  shear 

For  data  used  in  this  study,  the  first  winds  aloft 
measurement  level  was  150  m  above  the  ground  making 
it  necessary  to  draw  a  relation  between  the  CAeM 
criterion  of  5  m  s_1  vector  difference  over  the  first  30  m 
and  the  results  of  this  work. 


With  the  restriction  that  Az»Zi,  (6)  can  be  reduced  to 

"-"{©"-'l  (7) 

To  give  a  general  guideline  on  relating  the  CAeM  cri- 
terion to  the  radiosonde  measurements,  the  ratio 


/150\03 


AV3 


/30\°-» 

t)  "' 


(8) 


was  formed.  The  subscripts  on  AV  refer  to  the  separa- 
tion distance;  taking  Zi=2m  yields  AVi6o«  10  m  s-1. 


Au  (mps) 
-5.0      -4.0      -10     -2.0      -1.0 


II        2.1        3.1       4.1 

r 


Headwind  sheor,  runway  050 
Crosswind  sheor 


Fig.  4.  Overlay  scheme  to  be  used  with  bivariate  frequency  tables  to  obtain 
percentage  occurrence  of  wind  shear  along  and  perpendicular  to  a  given  runway. 
To  obtain  percent  occurrence,  add  all  values  in  shaded  areas.  In  this  case,  6.7  >  |  AV  | 
>  7.2  m  r». 
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Based  on  the  above  results,  a  pilot  study  on  the  wind 
shear  environment  of  Denver,  Colo.,  and  the  results  of 
previous  studies  an  extreme  wind  shear  criterion  for  a 
150  m  separation  was  chosen  to  be  [  AV|  ^  6.5  m  s-1. 

c.  Use  of  the  bivariate  frequency  table 

To  obtain  statistics  on  the  occurrence  of  extreme 
low-level  wind  shear,  an  overlay  was  constructed  as  in 
Fig.  5,  and  percentage  occurrence  was  summed  within 
the  overlay  corresponding  to  Al/>6.5  m  s"1  and  ±45° 
around  north,  south,  east  and  west.  An  example  of 
these  results  for  Denver  is  given  in  Fig.  6. 

5.  The  data  set  and  its  limitations 

The  data  set  comprises  wind  sounding  data  from  10 
stations  chosen  within  the  conterminous  Cnited  States. 
Three  criteria  were  used  in  the  selection  of  a  station : 
area  representativeness,  data  availability  (chiefly  length 
of  record),  and  classification  by  the  Federal  Aviation 
Administration  as  a  major  airport.  Table  1  lists  the 
stations  chosen. 

The  wind  sounding  data  (taken  mostly  by  rawin- 
sondes  or  radisondes)  between  the  years  1956-64  were 
made  available  by  the  National  Oceanic  and  Atmo- 
spheric Administration  National  Climatic  Center 
(NCC).  Frequency  of  the  soundings  at  any  one  station 
varied  from  2  to  4  soundings  per  day.  Standard  mea- 
surement levels  were  at  the  surface,  150  m  above  the 
surface,  300  m  above  the  surface,  and  at  the  first  stan- 
dard level  above  sea  level  that  was  greater  than  300  m 
above  the  surface.  Therefore,  the  As  of  the  first  two 
layers  was  150  m,  while  the  As  of  the  last  layer  varied 
from  station  to  station.  Calm  winds  were  not  included 


DENVER,  COLO. 


NOJFMAHJ      JASOND 
Month 


Fig.  6.  Summary  of  extreme  wind-shear  (i.e.,  |  AV |  ^6.5  m  s_1) 
statistics  at  Denver,  Colo.  Results  are  given  by  quadrant;  ab- 
scissa is  climatological  month;  ordinate  is  percent  occurrence  of 
extreme  wind  shear;  and  circles  in  the  upper  right  give  values  for 
the  entire  climatological  year  for  the  different  quadrants.  The 
figure  in  brackets  below  the  circle  gives  the  percent  occurrence  of 
extreme  wind  shear  irrespective  of  quadrant. 


when  computing  shear  statistics  [the  number  of  calms 
at  each  level  was  noted  in  the  bivariate  frequency  table 
output  (see  Fig.  2)]. 

In  addition  to  smoothing  errors  caused  by  time  aver- 
aging of  the  radar  data  the  data  set  was  subject  to  two 
error  sources.  These  errors  resulted  from  improper 
coding  and  keypunching  and  from  radar  lock-on  diffi- 
culty in  the  lower  boundary  layer.  The  latter  was  an 
especially  difficult  problem  in  built-up  areas  and  under 
strong  wind  conditions.  The  Denver  case  study  dis- 
cussed below  indicates  that  these  errors  were  small. 
However,  the  knowledge  that  the  errors  are  present 
suggests  that  caution  should  be  used  in  interpreting 
the  results. 

6.  Denver  case  study 

Stapleton  International  Airport  at  Denver  has  been 
selected  for  an  extensive  field  program  to  determine  the 
applicability  of  acoustic  Doppler  wind-measuring  tech- 
niques in  an  operational  environment   (Beran  et  al., 

Table  1.  Stations  selected  for  low-level  wind  shear  analysis. 


Station 


Major  airport 


Fig.  5.  Schematic  of  overlay  used  in  extreme  wind-shear  analy- 
sis. Quadrants  are  as  shown.  Circle  defines  |  A V  |  ^6.5  m  s~l.  For 
example,  north-quadrant  percentage  extreme  wind  shear  is  found 
by  summing  all  cell  percentages  in  shaded  area. 


Tatoosh  Island,  Wash. 

No 

Oakland,  Calif. 

Yes 

Salt  Lake  City,  Utah 

Yes 

Carswell  AFB,  Tex. 

No 

Denver,  Colo. 

Yes 

Topeka,  Kans. 

No 

Athens,  Ga. 

No 

Dayton,  Ohio 

Yes 

Green  Bay,  Wise. 

No 

Nantucket,  Mass. 

No 
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1973).  To  provide  some  background  information  for  this 
field  program,  Stapleton  Airport  was  also  chosen  for  a 
more  detailed  examination  of  extreme  wind-shear 
occurrence. 

To  investigate  the  auditing  errors  mentioned  above, 
all  extreme  wind  profiles  for  the  first  two  layers  were 
examined  on  a  hodograph.  Over  a  9  year  period,  176 
extreme  wind  shears  were  observed  in  the  first  two 
layers.  Of  these,  41  were  judged  to  be  suspect.  These 
41  cases  were  then  subjected  to  an  audit  at  NCC ;  four 
were  found  to  be  mispunched  and  10  were  logged  im- 
properly. The  27  remaining  suspect  shears  generally 
received  a  "questionable  surface  wind"  comment  from 
the  auditor.  It  is  possible  that  these  suspect  profiles 
reflect  local  winds,  not  uncommon  in  Denver.  The 
tracking  or  lock-on  error  was  investigated  using  the 
remaining  27  profiles.  Of  these,  13  had  surface  winds  of 
less  than  5  m  s_1,  13  had  surface  winds  of  between  5 
and  7  m  s_1,  and  only  one  had  a  surface  wind  above 
7  m  s_1,  suggesting  that  lock-on  errors  during  high  sur- 
face-wind conditions  were  unlikely.  Even  if  10  of  the  27 
remaining  cases  had  lock-on  errors,  that  number  repre- 
sents only  about  5%  of  the  total  number  of  extreme 
wind  shears.  It  was  concluded  from  the  above  analysis 
that  the  Denver  statistics  are  relatively  free  of  error. 

The  marginal  distributions  of  u  and  v  for  each  layer 
and  for  each  month  at  Denver  were  checked  for  nor- 
mality, and  in  general  showed  Gaussian  characteristics. 
There  was  some  deviation  from  normal  at  the  extremes, 
an  expected  result  from  a  finite  (and  in  this  case,  rela- 
tively small)  data  sample,  but  overall  a  linear  relation 
existed  between  cumulative  probability  and  class  ir- 
respective of  month  or  layer.  This  is  a  necessary  but 
not  sufficient  requirement  for  modeling  Denver's  low- 
level  wind  shear  in  terms  of  an  elliptical  bivariate  dis- 
tribution (Crutcher  and  Baer,  1962).  The  distribution 
of  extreme  wind  shear,  by  direction,  month  and  level 
for  Denver  is  shown  in  Fig.  6. 

Five  cases  of  extreme  wind  shear  at  Denver  were 
chosen  on  the  basis  of  those  having  the  largest  wind 
shears  for  the  9-year  period.  Table  2  summarizes  some 
of  the  information  about  the  five  cases  of  extreme  shear 
occurrence.  The  strongest  shear  occurrences  were  con- 
fined to  the  first  two  layers  and  the  frequency  of  occur- 
rence was  nearly  equally  divided  between  the  lowest 
layer  and  the  layer  just  above. 

A  consistent  pattern  was  apparent  between  the  syn- 
optic situation  and  the  soundings  associated  with  the 
cases  studied.  The  shear  always  resulted  from  changes 

Table  2.  Extreme  wind-shear  cases  chosen  for  synoptic  analysis. 


Time 
(GMT) 


Date 


|AV| 

(m  s"1) 


Layer 


1200 

1  Feb  61 

11.1 

Sfc-150  m 

0600 

12  Oct  62 

12.0 

150  m-300  m 

1800 

20  Nov  62 

11.0 

150  m-300  m 

0600 

28  Nov  62 

12.0 

150  m-300  m 

0600 

13  May  63 

11.1 

Sfc-150  m 

in  wind  direction  rather  than  in  wind  speed.  The  syn- 
optic pattern  was  generally  one  in  which  a  weak  ridge 
or  shallow  high  was  present  near  the  Denver  area.  Clear 
skies  generally  prevailed  and  visibility  was  well  above 
the  minimum  for  aircraft  operations  (for  the  map  time 
analyzed).  At  500  mb,  the  wind  field  generally  showed 
strong  westerly  winds  either  directly  over  Denver  or 
over  southern  Wyoming.  The  temperature-humidity 
sounding  showed  strong  radiation  inversions  in  every 
case.  The  directional  wind  shift  causing  the  shear  oc- 
curred across  the  inversion  surface.  Below  the  inversion, 
the  flow  appeared  to  be  the  result  of  local  circulation, 
with  the  wind  having  some  easterly  component.  Most 
of  the  directional  shifts  in  the  wind  profile  were  due  to 
backing  winds  rather  than  veering  winds. 

7.  Results  and  conclusions 

Table  3  summarizes  the  results  from  all  stations 
studied  with  respect  to  the  total  percentages  of  extreme 
wind  shear.  Four  out  of  10  stations  showed  little  differ- 
ence between  the  extreme  shear  in  the  surface  to  150  m 
layer  and  in  the  150  to  300  m  layer;  one  station  showed 
a  larger  percentage  of  extreme  shear  in  the  higher  rather 
than  the  lower  layer.  These  results  suggest  that  extremes 
of  wind  shear  do  not  always  fit  boundary-layer  models 
which  predict  stronger  shears  in  the  lowest  layer  (as 
was  the  case  for  5  of  the  10  stations).  The  highest  fre- 
quency of  extreme  shear  was  shared  by  Athens,  Ga., 
and  Nantucket,  Mass.,  while  the  lowest  frequency  was 
at  Oakland,  Calif. 

The  results  of  the  literature  review,  the  seasonal 
march  of  extreme  wind-shear  occurrence,  and  the  fact 
that  extreme  shears  are  not  necessarily  confined  to  the 
lowest  layer  allow  one  to  speculate  that  the  major 
portion  of  extreme  shear  occurrence  is  closely  tied  to 
synoptic  (or  large  mesoscale)  conditions  (where  many 
present  boundary-layer  concepts  break  down).  This  is 
further  demonstrated  in  Figs.  7  and  8  which  present 
the  total  percentage  occurrence  of  extreme  wind  shear 
for  the  10  stations,  with  the  major  mean  cyclone  tracks 
over  the  conterminous  United  States  superimposed.  The 
correlation  between  high  incidence  of  extreme  wind 
shear  and  passage  of  cyclonic  storms  is  evident  in  both 
layers.  The  occurrence  of  extreme  wind  shears  shows 
large  variation  with  season  at  almost  all  stations,  with 

Table  3.  Total  percentage  of  occurrence  of  extreme  wind  shear 


Station 


Surface  to 
150  m  layer 


150  to 
300  m  layer 


Oakland,  Calif. 
Tatoosh  Island,  Wash. 
Green  Bay,  Wise. 
Nantucket,  Mass. 
Salt  Lake  City,  Utah 
Denver,  Colo. 
Topeka,  Kans. 
Carswell  AFB,  Tex 
Dayton,  Ohio 
Athens,  Ga. 


0.35 
2.07 
2.30 
4.65 
0.89 
0.83 
3.55 
3.05 
2.05 
4.64 


0.28 
1.37 
2.29 
2.32 
0.55 
0.89 
3.38 
0.76 
3.09 
2.11 
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Fig.  7.  Total  annual  percentage  of  extreme  wind  shears  for  the 
10  stations  analyzed.  Dotted  arrows  are  mean  cyclone  tracks 
(circle  denotes  origin  of  cyclone  track)  for  the  conterminous 
United  States.  Layer  considered  is  surface  to  150  m:  The  dash- 
dotted  line  denotes  uncertainty  due  to  mountainous  terrain. 


Fig.  8.  As  in  Fig.  7  except  for  layer  150  to  300  m. 

the  greater  percentage  of  extreme  shears  occurring  in 
late  fall  through  early  spring.  The  lowest  percentage 
occurrence  is  found  from  late  spring  through  late 
summer. 
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ABSTRACT 

The  turbulent  temperature  structure  and  winds  in  thermal  convective  plumes  over  prairie  grassland 
have  been  investigated  with  an  acoustic  echo  sounder  system.  Three  spaced  acoustic  antennas,  with  two 
inclined  at  45°  elevation,  were  used  to  provide  plume  shape  information  and  Doppler-derived  total  wind- 
vector  patterns  between  heights  of  70  and  500  m.  Supporting  in  situ  measurements  were  made  on  a  15  m 
tower,  with  a  tethered  balloon-supported  Boundary  Layer  Profiler,  and  from  a  light  aircraft.  The  most 
probable  orientation  of  the  plumes  was  nearly  vertical,  but  frequent  upwind  and  downwind  tilts  were 
also  observed.  Maximum  positive  vertical  velocities  in  the  plumes  at  midday  were  near  2  m  s-1,  while 
maximum  downward  currents  were  one-half  this  value.  Acoustic  echoes  from  regions  above  the  mixed 
layer,  corresponding  in  height  to  an  elevated  temperature  inversion,  correlate  well  with  regions  of  maximum 
wind  shear. 


1.  Introduction 

The  object  of  this  investigation  was  to  map  the 
turbulent  temperature  structure  and  the  wind  in  con- 
vective plumes  generated  by  solar  heating  of  prairie 
terrain.  It  is  concluded  that  an  array  of  acoustic  echo 
sounders  can  provide  significant  information  on  plume 
size,  shape  and  velocity,  and  on  how  the  stable  plane- 
tary boundary  layer  is  modified  by  convection. 

From  the  earliest  days  of  atmospheric  acoustic  echo 
sounding,  large  returns  from  the  turbulent,  convective 
daytime  atmosphere  have  been  observed  (Gilman  el  al., 
1946).  When  facsimile  recorders  capable  of  displaying 
the  backscattered  intensity  as  a  function  of  height  and 
time  were  added  to  sounders,  it  became  apparent  that 
these  daytime  echoes  were  associated  with  vertically 
oriented  plume  structures  (McAllister  el  al.,  1969).  A 
typical  facsimile  recording  of  the  unstable  atmosphere, 
where  the  darkness  of  the  record  is  proportional  to  the 
intensity  of  the  echo,  is  shown  in  Fig.  1.  This  is  the 
convective  plume  pattern  for  clear  sky,  light  wind 
conditions,  and  direct  solar  heating  of  dry  grassland 
terrain.  Such  plumes  typically  reach  maximum  develop- 
ment shortly  after  noon  and  may  not  show  much 
seasonal  structure  dependence  under  certain  specialized 
prairie  conditions  (Hall,  1972).  The  disappearance  of 
the  plumes  with  height  on  the  facsimile  records  is  not 
necessarily  because  the  mixed  layer  extends  no  higher. 
Above  several  hundred  meters,  the  temperature  fluctua- 
tions are  much  weaker  than  near  the  ground,  and  there 
is  additional  absorption  of  transmitted  and  scattered 


acoustic  energy  at  longer  ranges,  making  the  echoes 
indiscernible. 

The  acoustic  scattering  equation  for  a  turbulent 
atmosphere  was  derived  by  Batchelor  (1957),  and  in  a 
different  form  by  Tatarskii  (1960),  later  corrected  by 
Monin  (1962);  the  application  of  this  scattering  theory 
to  acoustic  echo  sounding  has  been  analyzed  by  Little 
(1969).  In  the  investigation  reported  here,  the  direct 
backscattering  of  sound,  attributable  to  the  tempera- 
ture structure  parameter  Ct2,  was  measured,  where 


Cr2=(r1-r2)Vr?, 


(1) 


1  Also  at  Department  of  Meteorology,  University  of  California, 
Los  Angeles. 


with  r  being  the  distance  separating  the  two  points 
where  the  temperatures  T\  and  T2  are  measured.  A 
more  complete  discussion  of  CV  and  its  relation  to 
physics  of  the  planetary  boundary  layer  is  given  by 
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Fig.  1.  A  typical  acoustic  facsimile  recording  of  thermal  plume 
structure  for  a  clear  day  with  light  wind  conditions  over  dry 
grassland  terrain. 
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Neff  (1975).  The  power  backscattered  from  a  unit 
volume,  per  steradian,  for  unit  incident  flux  is  then 
given  by 

Cr2 

(T=7.2XlCr3A-' .  (2) 

T, 

By  use  of  the  acoustic  "radar  equation"  (Little,  1969), 
Ct~  is  determined  from  the  echo  power  received.  It  is 
important  to  note  that  the  scattering  equation  (2)  as- 
sumes a  Kolmogorov  spectrum  of  turbulence  and  that 
the  probing  acoustic  energy  of  wavelength  A  acts  as  a 
single-frequency  analyzer  of  this  turbulence  with  a 
spatial  scale  A/2  (Kallistratova,  1962). 

2.  Experiment  description 

The  experiment  was  conducted  during  August  1971 
at  the  NOAA  Table  Mountain  Field  Site,  10  km  north 
of  Boulder,  Colo.  The  topography  of  this  flat,  low  mesa 
has  been  described  by  Hooke  el  al.  (1972).  At  the  time 
of  the  tests,  the  ground  was  covered  by  mixed  dryland 
grasses  approximately  15  cm  high,  scattered  yucca 
somewhat  higher,  and  occasional  bare  rock  and  sandy 
areas.  Because  of  the  close  proximity  to  the  first  range 
of  foothills  of  the  Rocky  Mountains  about  5  km  to  the 
west  and  to  the  sloping  sides  of  the  mesa  some  30  m 
high,  the  site  cannot  be  considered  typical  of  uniform, 
flat  prairie  land;  there  were  undoubtedly  orographic 
effects  from  the  sloping  terrain  and  nearby  hills. 

The  arrangement  of  the  acoustic  antennas  is  shown 
in  Fig.  2.  Each  sounder  was  operated  monostatically  at 
a  different  frequency  (1750,  1900,  2150  Hz)  and  with 
pulse  durations  of  40  ms.  The  sounder  system  design 
was  essentially  that  described  by  Simmons  el  al.  (1971). 
The  sloping  antennas  were  located  200  m  from  the 
vertically  pointed  beam  so  that  two  nearly  orthogonal 
planes  were  defined  with  a  mutually  probed  scattering 
volume  located  200  m  above  the  vertically  directed 
antenna.    Clearly,  within   this  scattering  volume,   the 


Fig.  2.  Arrangement  of  the  experiment,  showing  the  orienta- 
tion of  the  three  sounders,  each  of  which  operated  in  the  mono- 
static  mode. 


total  wind  vector  may  be  derived  by  analyzing  the 
Doppler-shifted  return  in  each  of  the  three  beams 
(Beran  and  Clifford,  1972).  Because  the  winds  were 
averaged  over  2  min  and  because  the  scale  of  structures 
exhibiting  vertical  velocity  was  greater  than  the  an- 
tenna separations,  the  vertical  velocity  measured  in  the 
vertically  pointed  beam  was  assumed  to  be  the  same  as 
that  within  the  sloping  beams;  using  this  assumption 
the  total  wind  vector  (u,  v,  w)  was  derived  between  70 
and  470  m  height.  In  situ  measurements  of  wind  as  well 
as  dry  and  wet  bulb  temperatures  were  provided  by  a 
kvtoon-mounted  package  on  a  Boundary  Layer  Profiler 
(BLP),  kindly  provided  by  the  National  Center  for 
Atmospheric  Research  (XCAR)  Facilities  Laboratory. 
In  addition,  winds  were  recorded  at  2  and  15  m  on  a 
tower;  temperature,  humidity  and  pressure  were  re- 
corded in  a  standard  instrument  shelter ;  and  solar  radia- 
tion was  monitored  by  a  Robitzsch-type  pyranometer. 

The  sounder  system  had  been  previously  calibrated 
against  spaced,  fine-wire  temperature  sensors,  used  for 
the  in  silu  measurement  of  Cr2  during  an  experiment 
at  the  Haswell,  Colo.,  field  site  in  1969  (Hall,  1972). 
In  addition,  the  calibration  of  the  sounder  equipment 
was  continuously  checked  during  the  course  of  the  ex- 
periment by  flying  a  fast-response  temperature  sensor, 
mounted  on  a  light  aircraft,  over  the  antenna  at  heights 
of  100,  200  and  300  m  ;  the  temperature  sensor  has  been 
described  by  Lawrence  et  al.  (1970).  Aircraft  passage 
over  the  sounder  causes  vertical,  dark,  noise  lines  to 
appear  on  the  facsimile  recording  similar  to  the  one  at 
1215-in  Fig.  1. 

The  acoustic  echoes  from  the  atmosphere  were  re- 
corded on  facsimile  machines  for  qualitative  interpreta- 
tion of  the  atmospheric  structure  and  quantitatively 
on  a  multi-channel  analog  magnetic-tape  recorder.  The 
selected  magnetic  tapes  were  then  digitized ;  the  acoustic 
attenuation  values  were  computed  from  temperature, 
pressure  and  humidity  measurements;  and  the  absolute 
intensities  of  the  returns  were  calculated.  The  line-of- 
sight  wind  vectors  along  the  three  beams  were  computed 
by  a  frequency  analysis  of  the  return  signals,  using  a 
bandpass  filter,  phase-shift  Doppler  derivation  tech- 
nique. The  final  computer  output  was  a  grid  of  Ct2 
values  and  of  it,  v,  w  wind-component  values  that  could 
be  overlaid  on  the  facsimile  records. 

3.  Observed  characteristics  of  convective  plumes 

A  close  examination  of  the  plume  pattern  in  Fig.  1 
reveals  several  characteristics  of  convective  patterns  as 
depicted  by  the  sounder.  It  is  apparent  that  within 
the  plume  boundaries,  there  are  localized  regions  of 
much  greater  temperature  structure,  or  plumes  within 
plumes.  The  assumption  of  a  statistically  uniform  plume 
interior,  as  modeled  by  Telford  (1970),  is  not  borne  out 
by  observation. 

Another  feature  shown  on  the  facsimile  record  are  the 
small,  but  very  dark,  "vigorous"  plumes  of  high  Cr2; 
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Fig.  3.  Facsimile  records  from  three  sounders  oriented  as 
shown  in  Fig.  2.  Returns  from  the  sounder  pointed  vertically  (A), 
pointed  upward  45°  toward  the  east  (B),  and  pointed  upward 
45°  toward  the  south  (C)  illustrate  the  differences  in  appearance 
enabling  the  derivation  of  plume  velocity  vectors. 


two  examples  occur  in  Fig.  1  between  1132  and  1133, 
a  taller  one  at  1136.5  and  a  shorter  example  at  1138.  It 
was  found  from  repeated  aircraft  passages  through  the 
larger  plume  families  that  the  lifetime  of  such  family 
groupings  was  at  least  10  min.  However,  vigorous  "hot 
spots"  found  on  one  pass  would  be  indistinguishable  on 
successive  passages  through  the  same  plume  family 
only  2  min  apart.  These  observations  on  the  merger  of 
small  vigorous  plumes  with  larger  plume  families  are  in 
accordance  with  the  numerical  investigation  of  Dear- 
dorff  (1972)  who  shows,  in  a  time  sequence  of  plume 
vertical  velocity  contours,  the  growth  and  merger  of 
small  plumes  into  older,  larger  plumes.  However,  the 
spatial  distributions  plotted  by  DeardortT  may  not  be 
exactly  comparable  to  the  temporal  cross  sections  of 
plumes  recorded  by  the  sounder.  The  facsimile  of  Fig.  1 
presents  only  what  the  mean  horizontal  flow  advects 
past  the  vertically  directed  acoustic  transceiver. 

Note  also  that  the  upwind  plume  edge,  occurring 
later  in  time,  is  generally  more  sharply  defined  than 
the  earlier  downwind  edge.  Echo  returns  are  more  in- 
tense from  the  upwind  edge,  indicating  greater  tem- 
perature fluctuations  at  this  location.  This  finding  is  in 


agreement  with  aircraft  observations  of  plume  tem- 
perature structure,  reported  by  Myrup  (1967)  and  by 
Lenschow  (1970). 

The  ease  by  which  individual  convective  plumes  or 
plume  families  may  be  recognized  on  the  facsimile 
records  is  demonstrated  by  the  results  in  Fig.  1.  Because 
these  are  temporal  records,  the  shape  and  orientation 
of  the  plumes  are  not  accurately  depicted.  Depending 
upon  the  gain  and  dynamic  range  of  the  facsimile 
machine,  the  location  of  the  plume  edges  is  somewhat 
ill-defined.  A  feature  of  the  facsimile  record  which 
seems  less  susceptible  to  a  subjective  judgment  of 
plume  edges  is  the  slope  of  the  central  axis  of  the 
plume  returns.  Fig.  3  illustrates  the  facsimile  appearance 
of  plumes  seen  with  the  vertically  pointed  sounder  (A), 
with  the  sounder  pointed  upward  45°  toward  the  east 
(B),  and  with  the  sounder  pointed  upward  45°  toward 
the  south  (C).  Because  the  beams  from  the  three 
sounders  point  in  significantly  different  directions  and 
because  the  facsimile  records  present  time  versus  height 
representations  of  the  echo  returns,  the  plumes  must 
be  tilted  on  at  least  one  channel  of  data.and  usually  on 
all  three. 

In  Fig.  4,  we  show  an  isometric  view  of  the  geometry 
of  the  sounder  array.  The  plane  P  is  defined  by  the 
plume  axis  and  by  a  line  normal  to  the  plume  direction 
of  motion.  This  plane  is  shown  at  two  different  times  in 
the  figure :  at  the  moment  when  it  intersects  the  common 
volume  of  the  three  sounder  beams  200  m  above  the 
ground,  and  at  that  later  time  when  it  passes  just  above 
the  antenna  of  the  vertically  directed  sounder.  Let  TH 
be  the  time  required  for  the  plane  to  traverse  from  the 
intersection  of  the  beams  downward  to  the  ground. 
This  time  will  depend  upon  the  horizontal  velocity  vh 
of  the  plane  and  its  tilt  angle  (3. 

Additional  time  is  required  for  the  plane  to  complete 
its  traverse  down  the  beams  of  the  other  two  sounders. 
The  times  required  for  these  traverses  from  the  200  m 
level  to  the  ground  are  called  Tc  and  7V  Three  relevant 
equations  to  compute  the  plume  slope  /3,  speed  i'n  and 
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Fig.  4.  An  isometric  view  of  the  sounder  array  geometry,  defining 
the  variables  used  to  determine  plume  velocity. 
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direction  a  are  then : 


/J=tan-1[(2v/r//)/200]^ 
200  sina 


vH~- 


a=  tan" 


TH 


\Tb-tJ 


Using  data  from  1149  to  1422  (all  times  MDT)  on  11 
August  1971,  a  clear,  sunny  day  with  light  winds,  it 
was  possible  to  identify  24  plume  features  that  passed 
through  the  beams  of  all  three  sounders  and  for  which 
it  was  possible  to  determine  the  slopes.  Before  1130,  a 
capping  inversion  existed  near  the  200  m  level  over  the 
test  site,  but  BLP  probes  showed  that  the  inversion 
was  destroyed  after  1130.  All  convective  plumes  ana- 
lyzed occurred  in  an  atmosphere  with  an  adiabatic 
lapse  rate  from  30  to  500  m. 

The  tilt  angles  for  the  plumes  are  shown  in  the  histo- 
gram (Fig.  5).  The  maximum  upwind  tilt  was  31°  and 
the  maximum  downwind  tilt  43°,  with  the  greatest 
clustering  of  tilts  occurring  in  the  region  from  vertical 
to  10°  downwind.  The  average  tilt  was  0°;  the  average 
plume  was  vertical. 

Although  Fig.  4  shows  the  plume-tilt  reference  plane 
extending  to  the  ground,  it  should  be  noted  that  tilt 
measurements  were  actually  made  from  30  to  500  m. 
Plumes  are  known  to  tilt  downwind  in  the  lowest  few 
tens  of  meters  altitude  from  tower  investigations 
(Kaimal  and  Businger,  1970).  The  lack  of  a  consistent 
tilt  direction  at  the  higher  levels  does  seem  to  rule  out 
the  possibility  of  optimally  locating  a  solar  observatory, 
whereby  the  most  probable  line-of-sight  would  be 
parallel  to  the  tilted  plumes,  as  suggested  by  Webb 
(1964).  The  low  wind  speeds  existing  during  the  ex- 
periment eliminate  the  possibility  that  the  plume  slope 
was  influenced  by  convective  organization  into  hori- 
zontal helical  roll  vortices  (LeMone,  1973) ;  the  lack  of 
such  roll  structure  is  also  evidenced  by  the  absence  of 
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Fig.  5.  A  histogram  of  the  tilt  angles  for  24  thermal  plumes 
observed  with  the  three-sounder  array  during  conditions  of  free 
convection. 


large  bursts  of  convective  activity  observed  by  Haugen 
et  al.  (1971)  over  grassy  terrain  with  moderately  high 
wind  speeds. 

The  velocity  vectors,  averaged  over  the  200  m  height 
interval  for  the  24  plumes,  were  plotted  end-to-end, 
and  the  resultant  mean  velocity  of  these  features  was 
found  to  be  3.0  m  s_1  from  110°.  Individual  plumes 
passing  the  sounder  array  departed  from  this  track  by 
as  much  as  45°.  For  the  same  time  period,  the  BLP 
measured  an  average  wind  from  30  to  200  m  of  3.3  m  s_1, 
while  the  15  m  tower  indicated  wind  direction  from  108°. 
Acoustic  Doppler  derived  winds  were  2.9  m  s_1  from 
123°,  with  little  shear  averaged  over  the  same  height 
range  as  the  BLP  data.  It  therefore  appears  that  the 
plumes  do  advect  essentially  with  the  mean  wind  field, 
averaged  over  the  height  range  from  30  to  200  m. 

As  an  independent  measure  of  the  horizontal  dimen- 
sions of  the  convective  plumes,  the  light  aircraft, 
equipped  with  a  fast-response  temperature  sensor,  was 
flown  through  the  volume  probed  by  the  sounder  array. 
Twenty-two  passes  were  obtained  during  the  time  in- 
terval 1149  to  1422  on  11  August  1971.  One-half  of  the 
traverses  were  made  in  the  downwind  direction,  and 
the  other  half  across  the  wind  direction.  As  was  the 
case  with  the  acoustic  sounder  plume  features,  the 
identification  of  the  plume  boundaries  was  somewhat 
subjective.  Using  the  envelopes  of  the  larger  tempera- 
ture fluctuation  segments  of  the  record  as  the  bound- 
aries of  the  convective  plumes,  a  mean  downwind  di- 
mension of  392  m  and  a  crosswind  dimension  of  280  m 
were  determined  for  the  plumes,  measured  at  200  m 
above  the  terrain.  This  elongation  of  plumes  along  the 
wind  direction  has  also  been  detected  by  Lenchow 
(1970)  and  by  Frisch  and  Businger  (1973). 

In  addition  to  the  qualitative  information  on  plume 
shape  yielded  by  facsimile  records,  sounders  may  now 
be  absolutely  calibrated  with  respect  to  in  situ  mea- 
surements of  the  temperature  structure  (Hall,  1972; 
Neff,  1975).  An  analysis  of  the  Doppler  shift  in  fre- 
quency of  the  returns  allows  a  determination  of  the 
velocity  of  the  scattering  parcel  to  be  made  (Beran 
et  al,  1971). 

Typical  maximum  vertical  velocities  measured  with 
the  acoustic  Doppler  system  in  freely  convective 
plumes,  after  the  bLP  indicated  a  neutral  or  unstable 
lapse  rate  to  500  m  above  terrain,  were  near  2.0  m  s_1, 
and  the  heights  at  which  these  maximum  velocities 
were  measured  were  usually  between  200  and  300  m. 
Smaller  plumes,  possibly  representing  developing  ther- 
mals  which  had  not  yet  merged  with  larger  families, 
displayed  lower  maximum  vertical  velocities  and  oc- 
curred at  lower  heights.  An  approximate  relation  be- 
tween the  maximum  vertical  velocity  (m  s_1)  in  plumes 
and  the  height  (m)  at  which  it  is  measured  is 


W...a*  =  Z/120, 


at  least  to  z  =  250  m. 
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Fig.  6.  Plot  of  typical  maximum  vertical  velocities  in  a  plume 
family  as  a  function  of  height  above  the  surface. 

The  distribution  of  vertical  velocities  in  a  typical 
large  plume  family  is  shown  in  Fig.  6.  This  plot  repre- 
sents a  vertical  slice  through  the  plume  and  clearly 
indicates  the  buildup  to  maximum  velocities  between 
200  and  300  m  and  the  falloff  to  lower  w  values  at 
greater  heights. 

The  vertical  velocity  profile  in  Fig.  6  was  recorded 
at  1300  on  11  August  1971.  By  extrapolating  the  rate 
at  which  the  mixed  layer  depth  increased  between  0800 
and  1100  when  the  elevated  inversion  echo  was  dis- 
cernible, it  is  estimated  that  the  depth  of  the  mixed 
layer  at  1300  was  600  m.  The  shape  and  magnitude  of 
the  plot  of  the  maximum  plume  vertical  velocities  in 
Fig.  6  then  agrees  very  well  with  numerical  predictions 
shown  in  Fig.  28  in  the  study  by  Deardorff  (1972).  In 
a  private  discussion,  Deardorff  has  pointed  out  that  if 
the  rms  vertical  velocity  is  about  one-half  the  maxima 
of  Fig.  6,  then  for  a  mixed  layer  depth  of  600  m,  one 
obtains  a  surface  kinematic  temperature  flux  of  0.20 
m  s_1  °C  by  working  backward  from  his  numerical 
results.  This  is  a  reasonable  flux  value  for  summer 
prairie  conditions. 

After  a  clear,  sunny  morning  on  13  August,  thunder- 
storms developed  over  the  Rockies,  just  west  of  the 


experiment  site,  in  the  early  afternoon.  At  1405,  the 
sun  abruptly  disappeared  behind  a  dense  anvil  cloud, 
and  within  1  min  all  signs  of  ground-based  plumes  dis- 
appeared from  the  sounder  facsimile  record.  One  ele- 
vated rising  bubble,  detached  from  its  earthly  origin, 
drifted  by  in  the  low-level  easterlies  at  1407,  but  with 
that  all  signs  of  convection  ceased.  The  dry  prairie 
terrain  obviously  had  a  low  heat  capacity. 

4.  Evolution  of  the  mixed  layer 

One  principal  reason  for  conducting  the  experiment 
was  to  investigate  the  modification  of  the  early  morn- 
ing, stable  planetary  boundary  layer  by  convective 
activity.  A  typical  facsimile  recording  of  this  modifica- 
tion, taken  from  the  vertically  directed  sounder,  is 
presented  in  Fig.  7.  The  increase  in  thermal  plume 
activity  during  the  course  of  the  record  is  clearly  indi- 
cated, but  the  explanation  for  the  darker  "envelope 
echo"  above  the  plumes,  apparently  located  at  the 
elevated  inversion  was  unexplained  in  previous  studies 
(McAllister  el  al.,  1969).  This  envelope  is  termed  the 
"convective  front"  by  Rosset  el  al.  (1973).  It  was 
known  from  investigations  by  Gossard  et  al.  (1970) 
and  by  Emmanuel  el  al.  (1972)  of  the  statically  stable 
atmosphere  that  such  dark  streaks  on  FM/CW  radar 
or  acoustic  sounder  facsimile  records  could  correlate 
with  regions  of  turbulence  generated  by  shear  insta- 
bilities where  the  Richardson  number  is  less  than  0.25. 
It  was  not  certain  if  this  was  the  proper  explanation 
when  the  boundary  layer  was  being  modified  by  heating 
from  below,  and  where  neutral  or  unstable  lapse  rates 
extended  up  to  a  shallow,  elevated  inversion. 

a.  In  situ  measurements  with  balloon-borne  sensors 

The  dark  sloping  streak,  starting  at  a  height  of  500  m 
at  0905  in  Fig.  7,  is  not  atmospheric,  but  is  caused  by 
the  echo  from  the  BLP  balloon  which  was  descending 
at  the  time  and  happened  to  drift  into  the  acoustic 
beam  or  a  side  lobe  of  the  beam.  The  temperature  trace 


Local  Daylight  Time,   13  August   1971 


Fig.  7.  Facsimile  record  of  thermal  plume  activity  lifting  and  modifying  the  planetar) 
boundary  layer  from  one  of  static  stability  at  sunrise  to  one  exhibiting  free  convection 
near  noon. 
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FlG.  8.  Temperature,  dew  point  and  wind  profiles  obtained 
with  the  BLP  on  13  August  1971  in  the  time  interval  from  0906 
to  0925  MDT. 


obtained  with  this  balloon  sounding  is  shown  in  Fig.  8, 
and  it  can  be  seen  that  the  envelope  echo  does  correlate 
with  an  inversion  near  the  100  m  level.  (The  dew  point, 
also  shown  in  Fig.  8,  abruptly  increased  4°C  just  below 
100  m.  In  most  BLP  probes,  the  wet  bulb  readings  were 
very  helpful  in  identifying  the  depth  of  the  convec- 
tively  mixed  layer.)  Notice  that  solar  heating  has  al- 
ready produced  superadiabatic  lapse  rates  in  the  lowest 
30  m.  The  diagonal  line  in  Fig.  8  is  the  adiabatic  slope, 
and  the  time  markers  indicate  the  height  of  the  BLP 
at  different  times. 

By  09»0,  the  envelope  echo  was  above  200  m ;  the 
temperature  and  wind  sounding  for  this  time  period  is 
shown  in  Fig.  9.  This  echo  region  again  corresponds  to 
statically  stable  layers,  while  heating  from  below  has 
raised  the  average  temperature  and  the  height  of  the 


E   300 


" Wind  Speed,  m  $  Temperature,  °C 

Dew  Point,  °C 


Fig.  9.  As  in  Fig.  8  except  for  0944-1007  MDT. 


Wind  Speed,  m/s 
Dew   Point,   °C 


Temperature,  °C 


Fig.  10.  As  in  Fig.  8  except  for  1022-1038  MDT. 


superadiabatic  lapse  region.  The  balloon  trace  of  this 
ascent  is  just  visible  in  Fig.  7. 

Xot  much  change  in  the  envelope  echo  height  oc- 
curred before  the  next  descent  of  the  balloon  through 
the  envelope  at  1030.  The  balloon  sounding  for  this 
time  period  is  shown  in  Fig.  10.  Again,  the  envelope 
echo  is  near  a  region  of  static  stability  through  which 
the  BLP  passed  at  1030.  That  this  is  the  inversion  is 
clearly  revealed  by  study  of  the  wet  bulb  readings 
which  frequently  are  a  less  ambiguous  tracer  of  the 
mixed  layer  below  the  inversion.  In  the  next  balloon 
ascent  through  ihe  envelope  region  at  1045  (Fig.  11), 
the  envelope  echo  has  been  somewhat  weakened,  al- 
though a  statically  stable  region  was  detected  by  the 
balloon  at  approximately  240  m. 

b.  Ric/iarilsoii  number  calculations 

The  rates  of  ascent  and  commutation  of  data  of  the 
BLP  allowed  a  resolution  in  Ac  of  5  m  for  wind,  dew 
point  and  temperature.  This  is  a  sufficiently  fine  vertical 
resolution  toallow  reliable  calculations  of  the  Richard- 
son number  in  the  atmosphere  and,  in  fact,  matches 
the  criterion  for  such  measurements  proposed  by  Woods 
(1%9).  Averaging  times  for  these  measurements  were 
15  s,  or  probably  several  times  the  lifetime  of  the  domi- 
nant eddies  or  coherent  turbulent  structure  in  the  in- 
version. The  sounder  was  pulsed. every  4  s  with  40  ms 
tone  bursts,  capable  of  resolving  6  m  eddies,  and  a 
careful  examination  shows  fine-scale  changes  with  each 
probing  of  the  inversion,  and  in  plumes  as  well.  Table  1 
lists  the  times  that  the  inversion  was  penetrated  by 
the  BLP  and  the  values  for  the  height,  potential  tem- 
perature, and  gradients  of  wind  and  potential  tempera- 
ture for  the  uppermost,  statically  stable  layers  in  the 
inversion.  (These  layers  were  primarily  identified  by 
the  sharp  change  in  wind  and  dew  point.)  From  these 
values,   the  resulting  gradient   Richardson  number  is 
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calculated;  it  is  shown  in  the  last  column  of  Table  1. 
For  all  five  measurements,  the  Richardson  number 
within  the  inversion  is  less  than  0.25,  so  that  we  would 
expect  shear  instability  turbulence  to  be  generated. 
With  the  positive  gradient  of  potential  temperature 
through  the  inversion,  a  downward  turbulent  transfer 
of  heat  must  occur,  a  mechanism  hypothesized  bv  Ball 
(1960). 

c.  Conditions  above  the  planetary  boundary  layer 

It  is  not  surprising  that  the  turbulent  overturning  of 
the  statically  stable  air  leads  to  acoustic  echoes,  for 
this  is  just  the  process  which  will  produce  Ct-  However, 
an  examination  of  the  air  temperature  above  the  in- 
version in  Figs.  8-11  shows  that  the  average  tempera- 
ture in  the  height  region  from  300  to  500  m  increased 
at  a  rate  of  2.3Xl0-"oC  s"1  during  the  2  h  from  0910 
through  1110.  This  implies  a  net  heat  flux  into  this 
region  given  by 

/-'■2       JT 
11  =         cpP—dz,  (3) 

J  hi         dt 

or  //  =  45  W  m~2.  This  is  more  than  one-half  of  the  heat 
flux  value  for  the  same  period  of  time  for  the  0  to  200  m 
height  range  below  the  inversion  where  //  =  85  YY  m~2. 
If  the  downward  turbulent  transfer  of  heat  through  the 
inversion  were  a  continuous  process,  this  heating  of  the 
air  above  the  inversion  could  not  have  occurred  in  the 
absence  of  other  mechanisms. 

We  now  investigate  possible  heating  mechanisms  for 
the  air  above  the  lifting  inversion.  One  possible  mecha- 
nism is  the  horizontal  advection  of  heated  air  in  the 
1  m  s_1  easterly  wind.  To  produce  the  observed  heating 
rate  would  require  a  horizontal  temperature  gradient 
of  0.23°C  km-1,  a  rather  large  temperature  gradient  in 
the  absence  of  a  frontal  surface.  No  fronts  passed 
through  the  Colorado  region  on  13  August  1971. 


Table  I.  Characteristics  of  the  elevated  temperature  inver- 
sion that  shows  as  the  more  intense  acoustic  "envelope"  echo  in 
Fig.  7. 
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Fig.  11.  As  in  Fig.  8  except  for  1038-1054  MDT. 


Another  possible  mechanism  is  the  radiative  heat- 
flux  divergence.  Thompson  and  Neiburger  (1953)  have 
shown  that  the  absorption  of  solar  radiation  may  lead 
to  an  air  mass  temperature  rise  as  great  as  1°C  per 
day,  although  long-wavelength  cooling  effects  usually 
reduce  this  value.  The  observed  rate  of  temperature 
increase  here  is  nearly  20°C  per  day,  far  in  excess  of 
increases  that  would  be  expected  from  radiative 
mechanisms. 

The  most  probable  heating  mechanism  is  air  mass 
subsidence.  To  accomplish  the  observed  increase  in 
temperature  requires  a  sinking  velocity  of  only  2.3 
X  10~2  m  s~l.  On  the  day  in  question,  there  was  a  weak 
trough  extending  from  Mexico  over  Colorado  to  a  low 
centered  in  the  Dakotas,  whereas  Petterssen  et  al.  (1947) 
found  that  80%  of  the  investigated  cases  of  subsidence 
were  associated  with  anticyclonic  vorticity.  In  addition, 
a  temperature  inversion  may  develop  at  the  base  of  the 
subsiding  air  (Izumi,  1964),  and  such  inversions  are 
detectable  with  the  acoustic  sounder  (Hall,  1972).  No 
such  subsiding  inversion  surface  was  detected  on  13 
August.  BLP  data  on  the  time  variation  of  tempera- 
ture above  and  below  the  envelope  inversion  were  also 
gathered  on  5,  9  and  11  August.  On  the  11th,  there  was 
a  1020  mb  high  over  Colorado  when  stronger  subsidence 
might  have  been  expected,  but  the  rate  of  change  of 
temperature  above  the  inversion  was  somewhat  less 
than  on  the  13th.  The  acoustic  sounder  record  for  the 
11th  does  not  show  quite  as  strong  an  envelope  echo  as 
that  for  the  13th.  The  heating  rates  on  the  other  two 
days,  5th  and  9th,  were  also  comparable  to  that  on  the 
13th,  although  on  the  9th  a  weak  trough  extended 
through  the  area  and  on  the  5th  the  entire  lTnited 
States  was  dominated  by  high  pressure. 

In  spite  of  seeming  contradictions  and  arguments 
against  subsidence,  it  seems  probable  that  the  close 
proximity  of  the  experiment  site  to  the  Rocky  Moun- 
tains and  the  weakness  of  the  troughs  on  the  9th  and 
13th  may  counter  the  statistics  of  Petterssen  et  al. 
(1947).  The  failure  of  the  mixed  layer  to  increase  much 
in  depth  between  0940  and  1130  in  Fig.  7  is  probably 
explained  by  subsidence.  We  have  seen  many  facsimile 
records  taken  at  the  NOAA  field  site  at  Haswell,  Colo., 
200  km  from  the  Rockies,  where  the  mixed  layer  depth 
increases  nearly  linearly  with  time  starting  1-2  h  after 
sunrise.  The  weak  subsidence  required  to  produce  the 
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heating  measured  above  the  inversion  may  not  have 
produced  a  sharp  temperature  discontinuity  at  the 
base  of  the  subsiding  air,  especially  since  the  heating 
rates  in  the  mixed  layer  did  clearly  exceed  those  which 
might  have  been  produced  by  adiabatic  sinking.  There- 
fore, the  reader  is  cautioned  to  look  upon  the  13  August 
data  analysis  as  an  interesting  case  study,  one  used  to 
test  the  ability  of  acoustic  methods  to  study  the 
boundary  layer,  but  a  case  not  necessarily  representing 
a  completely  typical  prairie  situation. 

The  BLP  sounding  from  1159  to  1215,  after  all  indi- 
cations of  the  envelope  echo  have  disappeared  from  the 
facsimile  recording,  showed  a  neutral-stability  lapse 
rate  above  30  m  at  a  potential  temperature  of  8  =  298  K. 
For  this  sounding,  the  Richardson  number  is  essen- 
tially zero  because  of  the  numerator  term. 

d.  Sounder  derived  isopleths  of  Ct2  and  wind 

From  an  examination  of  Fig.  7,  it  appears  that  breaks 
in  the  inversion  follow  periods  of  enhanced  turbulence 
and  waves  in  the  layer,  and  perhaps  even  a  thickening 
of  the  inversion.  This  thickening  might  serve  to  reduce 
the  shear,  increasing  the  Richardson  number  to  a  value 
at  which  turbulence  is  no  longer  sustained.  Such  patchy 
turbulent  shear  zones  are  also  observed  in  the  thermo- 
cline  in  the  ocean  (Woods,  1969).  It  is  unfortunate  that 
BLP  penetrations  of  the  gaps  in  the  inversion,  as  re- 
vealed by  the  sounder,  were  not  made.  It  may  be 
significant  that  the  strength  of  the  inversion,  ~1°C, 
seemed  to  remain  constant  until  dissipation  after  1116; 
the  same  intensity  of  the  inversion  was  observed  at 
0711  in  the  first  BLP  profile  obtained  during  this  day, 
before  any  convective  activity  was  detected  by  the 
sounder.  It  is  apparent  that  any  successful  analytical 
modeling  of  inversion  surfaces  above  convective  ac- 
tivity must  explain  the  feedback  mechanism  by  which 
Ri  near  0.25  is  maintained. 

A  quantitative  evaluation  of  the  acoustic  sounder 
echoes  for  the  time  period  from  0900  to  1100,  corre- 
sponding to  the  first  2  h  of  the  facsimile  records  shown 
in  Fig.  7,  is  given  in  Fig.  12.  The  solid  line  isopleths 
indicate  regions  of  equal  acoustic  intensity  with  the 
contour  interval  of  CV  equal  to  5X  10-3  °C2  m_i.  Values 
of  Ct2  greater  than  2X  10-2  °C2  m_!  are  shaded  with  a 
square  pattern  in  the  figure.  These  shaded  regions  thus 
correspond  closely  to  the  black  regions  in  the  original 
facsimile  (Fig.  7).  For  example,  note  the  slender  thermal 
plume  just  before  0930  that  merges  with  a  strong 
envelope  echo,  continuing  until  0935. 

The  dashed  isopleths  in  Fig.  12  connect  heights  of 
equal  horizontal  wind  shear  with  height;  the  contour 
interval  is  1  m  s_1  for  each  44  m  increment  of  height. 
Shear  values  greater  than  2  m  s_1  per  44  m  are  shaded 
with  a  diagonal  cross-hatch  pattern.  The  solid  circles 
indicate  the  position  of  the  BLP;  the  data  displayed  in 
Figs.  8-11  correspond  to  the  four  flights  shown  in  Fig. 
12.  The  stretched-out  time  scale  of  Fig.  12,  compared 


to  Fig.  7,  more  accurately  depicts  the  true  spatial 
orientation  of  the  structures  seen  with  the  sounder. 
The  frequent  sloping  attitudes  of  the  plumes  are  more 
accurately  shown,  and  the  lateral  spread  of  the  plumes 
below  the  inversion  is  more  accurately  portrayed,  as  at 
0918,  0933,  1000  and  1025.  Frequently,  where  the 
plumes  spread  below  the  inversion,  the  wind  shear  is 
enhanced  through  rather  significant  depths.  The  spatial 
resolution  and  the  lack  of  in  situ  temperature  data  for 
these  periods  do  not  permit  the  calculation  of  the 
Richardson  number,  but  it  appears  obvious  that  the 
more  intense  envelope  echoes  are  associated  with  strong, 
deep  shear  zones.  The  apparent  gaps  in  the  envelope 
that  occur  follow  such  events.  These  gaps  may  represent 
regions  where  stable  air  is  entrained  down  into  the 
mixed  layer.  Since  the  entrained  stable  layer  is  essen- 
tially nonturbulent  on  a  small  scale,  it  carries  low  Ct2 
downward. 

A  better  understanding  of  the  winds  may  be  obtained 
from  a  streamline  analysis  of  the  acoustic  Doppler- 
derived  velocity,  as  shown  in  Fig.  13.  Here  it  is  apparent 
that  the  inversion  surface  decouples  the  horizontal  wind 
above  the  inversion  from  the  more  complex  vertical 
motions  in  the  convective  mixed  layer.  The  strong 
vertical  motion  within  the  plumes  is  apparent,  and 
shear,  convergence,  or  overturning  vortex  structure  as- 
sociated with  the  plumes  and  the  stronger  envelope 
echoes  also  occur.  Note  that  the  wind  below  the  inver- 
sion changed  from  a  downslope  westerly  wind  during 
the  first  hour  to  an  upslope  easterly  wind  after  1000. 
The  easterly  wind  was  quite  constant  above  the  in- 
version during  the  entire  course  of  the  experiment. 
This  reversal  in  the  lower  mixed  region  is  shown  by 
the  1  h  average  of  acoustically  derived  winds  in  Fig.  14. 
Even  with  this  change  in  wind  direction,  undoubtedly 
orographically  influenced,  the  shear  at  the  inversion 
nonetheless  retained  the  proper  value  to  maintain  the 
gradient  Richardson  number  at  values  just  below  0.25. 

We  have  seen  with  the  sounder  the  very  similar, 
hummocky,  patchy  envelope  echoes  above  the  develop- 
ing convective  layers,  even  at  our  Haswell  field  site 
where  the  prairie  grassland  is  essentially  flat  for  many 
kilometers  in  all  directions.  High-power  radars  have 
seen  what  appear  to  be  identical  inversion  structures 
in  England  (Browning  el  a!.,  1973).  It  would  appear 
for  the  rather  weak  radiative  inversions  which  develop 
in  Colorado  that  the  characteristics  of  the  boundary 
layer,  as  it  is  modified  by  convection  in  the  early 
morning  hours,  are  little  influenced  by  the  detailed 
topography  of  the  site  and  that  similar  patterns  would 
probably  be  observed  over  most  relatively  flat,  grassy 
terrain. 

5.  Conclusions 

The  combination  of  acoustic  remote  sensing  tech- 
niques with  in  situ  temperature  and  wind  measure- 
ments provides  new  information  on  convective  plume 
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Fig.  14.  Hourly  wind-profile  averages  in  an  east-west  plane 
derived  by  the  acoustic  array,  showing  the  maximum  wind 
shear  at  the  height  of  the  elevated  inversion  and  the  reversal 
of  winds  below  the  inversion  during  the  morning. 


morphology.    The    typical    convectivc    plume    in    the 

height  range  between  30  and  300  m  is  vertical,  although 
it  ma>'  slope  into  or  with  the  wind,  and  the  plume 
advects  with  the  mean  wind  field.  Plumes  are  vertically 
contiguous  structures,  but  with  continuously  changing 
shapes  as  smaller  plumes  join  the  larger  plume  families. 

A  three-axis,  Doppler  acoustic  system  is  capable  of 
mapping  the  wind  fields  to  heights  of  at  least  500  m. 
Upward  velocities  within  convective  plumes  may  reach 
2  m  s~l  during  the  summer  over  dry,  prairie  terrain. 

As  convective  plumes  interact  with  the  stable  plane- 
tary boundary  layer  in  the  early  morning  hours,  an 
elevated  inversion  develops  which  is  characterized  by  a 
hummocky  shape  and  by  a  Richardson  number  of  less 
than  0.25.  The  hummocks  or  waves  in  the  inversion 
have  lengths  that  are  15-20  times  the  inversion  thick- 
ness (assuming  Taylor's  hypothesis  and  wave  speed 
equal  to  the  wind  in  the  inversion),  so  they  are  proba- 
bly not  pure  Kelvin-Helmholtz  billows  but  may  have 
their  shapes  modified  by  the  convective  plumes  im- 
pinging on  the  stable  interface  from  below.  The  capping 
inversion  surface  is  evidently  not  continuous,  and  air 
from  the  stable  region  above  the  inversion  is  entrained 
downward  through  the  gaps. 
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waves,  produced  by  the  surface  stress.  A  compari- 
son of  the  depth  of  the  "herringbone"  pattern  of 
echoes  with  radiosonde  ascents  at  the  Pole  shows 
a  strong  correlation  with  the  most  stable  portion 
of  the  ground  based  inversion.  From  431  hours  of 
acoustic  sounder  records  obtained  between  January 
20  and  February  12  at  the  Pole,  a  surface  based 
inversion  existed  during  420  hours. 

The  mean  depth  of  this  turbulent  inversion  layer 
was  114  meters,  with  a  standard  deviation  of  59 
meters.  The  potential  temperature  of  an  air  parcel 
at  the  top  of  this  layer  averaged  4°K.  higher  than 
the  surface  shelter  temperature  during  clear  Janu- 
ary conditions,  but  only  2°K.  higher  under  cloud 
cover.  In  early  February  the  magnitude  of  the  in- 
version increased  to  9°K. 
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Boulder,  Colorado  80302 


The  objective  of  this  investigation  is  to  monitor 
the  structure  of  the  planetary  boundary  layer  at 
the  South  Pole  using  a  monostatic  acoustic  echo 
sounder.  An  improved  knowledge  of  the  turbulent 
mixing  depth  characteristics  will  allow  better  esti- 
mates to  be  made  of  the  atmospheric  heat  flux  into 
the  ice.  By  comparing  the  turbulent  and  solar  input 
to  the  ice  to  the  heat  loss  measured  by  spacecraft 
radiometers,  we  may  be  able  to  understand  long- 
term  variations  in  ice  temperatures,  and  study  the 
effect  of  such  variations  on  climate  dynamics. 

The  typical  facsimile  recording  of  acoustic  echo 
intensity  we  obtained  at  the  Pole  shows  rather 
closely  spaced,  descending  turbulent  layers.  The 
Richardson  numbers  calculated  from  Pole  radio- 
sonde temperature  and  wind  gradients  in  such 
layers  are  of  the  order  1 .0,  whereas  values  less  than 
0.25  were  to  be  expected.  Based  on  some  previous 
prairie  observations,  we  feel  the  waves  observed 
may   be  closely   related   tc  Tollmien-Schlichting 


191 


Surprisingly,  during  11  hours  of  the  431  for 
which  records  are  available,  or  for  2.6  percent  of 
the  time,  the  sounder  detected  convective  plumes 
originating  at  the  ice  surface.  Three  separate  such 
events  occurred,  each  during  a  rapid  decrease  in 
surface  shelter  temperatures.  We  hypothesize  that 
relatively  warmer  air  had  heated  the  ice  surface, 
and  the  rapid  intrusion  of  colder  air  found  the  ice 
warmer  than  the  atmospheric  surface  layer,  thus 
setting  off  the  convection.  The  radiosonde  ascent 
at  1 1 15  on  February  9,  1975,  showed  a  super-adia- 
batic  lapse  rate  in  the  lowest  138  meters  of  the  at- 
mosphere, but  some  of  the  plumes  detected  by  the 
sounder  extended  to  more  than  200  meters,  un- 
doubtedly because  of  convective  overshoot.  Other 
types  of  atmospheric  events  observed  with  the 
sounder  include  gravity  waves  in  elevated  inversion 
layers  and  abrupt  spikes  in  the  turbulent  return 
(possible  hydraulic  jumps  associated  with  frontal 
passages?),  rising  from  the  surface  based  inversion 
to  heights  of  200  meters  or  more.  Approximately 
6  hours  of  such  transient  spikes  were  detected. 


Situation  reports  from  the  Pole  indicate  the 
sounder  was  operating  through  June  with  mini- 
mum down  time.  With  the  aid  of  the  wintering 
National  Oceanic  and  Atmospheric  Administra- 
tion technicians,  Kenton  Martinsson  and  Richard 
Maestas,  we  hope  that  the  sounder  will  accumu- 
late a  1-year  record  of  surface  structure  character- 
istics for  further  evaluation. 


This  research  was  supported  by  National  Science 
Foundation  grant  74-24415. 
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ABSTRACT 

Washington,  D.  C,  microbarograph  records  for  18  March  1969  reveal  gravity-wave-associated  pressure 
oscillations  which  appear  to  be  directly  related  to  upper  tropospheric  wave  structure  observed  at  the  same 
time  with  a  Wallops  Island  10-cm  wavelength  radar.  The  consistency  between  the  two  sets  of  data  provides 
new  observational  support  for  a  hypothesis  of  long  standing  in  the  microbarograph  community;  namely,  that 
shear  instability  in  the  upper  tropospheric  flow  is  indeed  the  mechanism  responsible  for  the  generation  of 
such  waves.  The  comparison  presented  here  suggests  that  microbarograph  arrays  might  be  useful  adjuncts  to 
future  radar  studies  of  upper  tropospheric  wave  dynamics,  supplying  such  wave  parameters  as  phase  velocity 
and  wavelength  in  favorable  cases.  A  closer  examination  of  the  radar  data  pertinent  to  this  event  reveals  an 
apparent  vertical  wave  phase  variation,  permitting  a  very  approximate  and  somewhat  uncertain  estimate  of 
the  wave-associated  vertical  flux  of  horizontal  momentum,  which  is  found  to  be  ~4  dyn  cm "-.  While  approxi- 
mate, this  illustrative  calculation  yields  a  value  several  times  greater  than  the  annual  average  flux  at 
temperate  latitudes,  and  since  microbarograph  data  show  such  events  to  be  fairly  common  wintertime 
phenomena,  we  are  tempted  to  infer  that  wave  generation  by  shear  instability  in  the  upper  tropospheric 
air  flow  and  the  resulting  vertical  momentum  transport  may  be  an  important  element  of  the  global  atmo- 
spheric momentum  budget.  More  extensive  and  conclusive  studies  are  obviously  indicated. 


1.  Introduction 

Recently  Reed  and  Hardy  (1972;  hereafter  referred 
to  as  RH)  published  the  results  of  a  case  study  of 
persistent,  intense  clear-air  turbulence  (CAT)  in  an 
upper  level  frontal  zone  over  the  eastern  seaboard  on 
18  March  1969.  Using  data  from  research  and  com- 
mercial aircraft,  a  sensitive  10-cm  wavelength  radar 
at  Wallops  Island,  Va.,  and  conventional  synoptic 
charts  and  reports,  RH  concluded  that  the  CAT  and 
the  mesoscale  gravity-wave  motions  they  observed 
were  generated  by  dynamical  instability  of  the  shear 
flow  in  the  baroclinic  zone.  Because  such  "jet-stream- 
associated"  gravity  waves  have  been  detected  lor 
many  years  using  ground-based  microbarograph  arrays 
(Kuettner,  1952;  Flauraud  et  al.,  1954;  Claerbout, 
1967;  Madden  and  Claerbout,  1968;  Claerbout  and 
Madden,  1968;  Herron  and  Tolstoy,  1969;  Herron 
et  al.,  1969),  the  RH  study  motivated  one  of  us 
(W.  H.  H.)  to  examine  microbarograph  records  tor 
that  date  obtained  by  the  staff  of  the  Geoacoustics 
Research  Program  Area  of  XOAA's  Wave  Propaga- 
tion Laboratorv  at  a  Washington,  I).  C,  site  roughlv 
190  km  NW  of  Wallops  Island  (see  Fig.  1). 

'Present  affiliation:  Environmental  Research  &  technology, 
Inc.,  Concord,  Mass.  01742. 


Here  we  present  these  microbarograph  observations, 
which  reveal  wave-associated  pressure  fluctuations 
directly  related  to  the  waves  observed  by  RH.  We  also 
correct  a  computational  error  which  led  to  an  incorrect 
estimate  by  RH  of  the  wave  phase  speed  at  cirrus 
cloud  heights;  the  revised  estimate  of  the  phase  speed 
brings  it  into  essential  agreement  with  those  at  lower 
levels.  We  then  note  that  the  Wallops  Island  radar 
data  reveal  an  apparent  vertical  wave  phase  variation, 
not  discussed  by  RH,  whose  sense  is  consistent  with 
wave  generation  by  shear  instability  below  the  cirrus 
dotid  level,  and  which  we  use  to  estimate  (very  ap- 
proximately, and  with  some  degree  of  uncertainty)  the 
wave-associated  momentum  transport.  The  argument 
is  similar  to  that  presented  by  Donn  et  al.  (1973)  for 
the  same  case;  their  estimate  was  published  when  a 
draft  of  this  manuscript  was  being  revised. 

2.  The  microbarograph  observations  compared  with 
the  radar  data 

The  Washington,  I).  £.,  pressure  measurements 
reported  here  were  made  using  microbarographs  located 
roughly  5-10  km  apart  at  the  positions  marked  by 
dots  in  Fig.  1.  For  a  discussion  of  the  equipment  and 
the   general    type   of   processing   used    the   reader   is 


373 


32 


JOURNAL    OF     APPLIED     METEOROLOGY 


Volume  14 


Washington 
D.C. 


^Wallops 
Island 


Fig.  1.  The  experimental  geometry  in  the  Del  Mar  Va  peninsula 
area.  Dots  indicate  the  locations  of  the  four  mkrobarographs  in 
the  Washington,  D.  C,  microbarograph  array.  Also  indicated  are 
the  direction  of  wave  propagation  over  the  observing  sites  and 
surfaces  of  constant  wave  phase.  The  wave  propagation  direction 
coincides  with  the  wind  direction  at  the  height  of  the  wave  critical 
level. 


referred  to  the  recent  review  by  Georges  and  Young 
(1972)  and  the  references  therein. 

Fig.  2  shows  the  four  microbarograph  records 
superimposed  (after  being  time-shifted  for  maximum 
cross  correlation)  for  the  0100  1600  (all  times  GMT) 
interval  on  18  March  1969.  The  sporadic  generation 
of  large-amplitude  waves  having  periods  of  roughly 
5  min  is  quite  evident  on  these  records,  even  though 
the  microbarograph  system  used  was  designed  for  the 
study  of  acoustic  waves  and  strongly  filtered  the  low- 
frequency  gravity-wave  pressure  fluctuations.  Of  par- 
ticular interest  for  present  purposes  is  the  wave  packet 
of  about  five  cycles  detected  just  after  0300;  this 
is  the  event  we  associate  below  with  the  RH  data. 
As  Fig.  2  shows,  however,  there  are  at  least  four 
intervals  spaced  several  hours  apart  throughout  this 
particular  day  when  wave-associated  pressure  fluc- 
tuations of  large  amplitude  are  observed.  Table  1 
gives  the  values  of  the  wave  parameters  deduced 
from  the  microbarograph  array  data  (by  determining 
the  time  shifts  of  the  individual  pressure  traces 
required  to  maximize  the  cross  correlation  of  the  four 
microbarograph  records)  for  these  intervals.  It  shows 
that  throughout  this  15  h  period,  wave  parameters 
varied  relatively  little  from  event  to  event. 

Fig.  3  shows  the  wave  event  occurring  just  after 
0300  in  somewhat  more  detail,  along  with  the  values 
for  the  wave  parameters  determined  from  the  array 
data;  these  are  compared  with  an  RHI  photo  of  the 
wave  structure  observed  by  the  Wallops  Island  radar 
and  the  wave  parameters  deduced  therefrom  by  RH. 
[While  this  particular  RHI  photo  was  not  published 
by   RH,  it  has  appeared  subsequently  in  papers  by 


Katz   (1972)  and  Hardv  and  Reed   (1972)].  We  see 
that: 

1)  There  is  substantial  agreement  between  the  radar 
and  array  estimates  of  the  horizontal  wavelength  X 
(15  km,  14  km).  This  is  measured  directly  by  the 
radar,  but  with  some  uncertainty  since  the  azimuth 
of  the  radar  scan  may  not  coincide  exactly  with  the 
direction  of  wave  propagation  (see  below) ;  it  is  in- 
directly but  rather  accurately  measured  by  the  micro- 
barograph array,  by  multiplying  the  horizontal  wave 
phase  velocity  computed  from  the  time  shifts  by  the 
wave  period. 

2)  There  is  good  agreement  between  the  two  esti- 
mates of  the  wave  period  r  (300-340  s,  300  s).  This  is 
measured  directly  by  the  microbarograph  array;  it  is 
indirectly  measured  ir.ing  the  radar  by  examining  time 
sequences  of  the  RHI  photos  to  determine  the  wave 
phase  velocity  V  (see  below)  and  dividing  X  by  V. 

3)  There  is  good  agreement  between  the  two  esti- 
mates of  the  horizontal  wave  phase  speed  V  (44-50  m 
s"1,  47  m  s-1)-  This  is  measured  by  the  time  shifts 
required  to  maximize  cross  correlation  of  the  four 
microbarograph  records;  it  is  estimated  from  time 
sequences  of  the  radar  photos  by  following  the  motion 
of  the  wave  structure  from  photo  to  photo.  A  com- 
ment is  in  order  here.  RH  reported  originally  that  the 
radar  wave  structure  in  the  vertical  consisted  of  two 
waves,  of  similar  wavelength  but  having  different 
horizontal  wave  phase  speeds.  Specifically,  the  wave 
structure  at  cirrus  cloud  level  was  reported  to  be 
moving  at  67  m  s_I,  while  that  revealed  by  the  lower 
clear-air  echoes  was  reported  to  be  moving  at  44  m 
s-'.  We  find  after  reexamining  the  radar  photos  and 
repeating  the  procedure  used  to  determine  the  wave 
phase  speed  that  although  the  44  m  s~'  estimate  was 
essentially  correct,  there  had  been  a  computational 
error  in  the  original  estimate  of  the  wave  phase  speed 
at  the  cirrus  cloud  level  which  amounted  to  a  factor 
of  f.  When  we  divide  the  original  estimate  by  this 
factor,  we  find  a  phase  speed  F~50m  s_1.  This  cor- 
rected figure,  the  44  m  s_1  estimate  made  from  the 
wave  structure  at  lower  levels,  and  the  47  m  s_1  esti- 
mate from  the  microbarograph  data  agree  within  the 
experimental  uncertainties  in  these  estimates  (~  10%). 
The  three  estimates  are  supported  as  well  by  an 
independent  estimate  of  the  wave  phase  speed  made 
using  two  other  (unpublished)  radar  photos  of  the 
same  event  (which  in  fact  led  to  the  discovery  of 
the  original  error). 

4)  There  is  good  agreement  between  the  two  esti- 
mates of  the  azimuth  .1  (270°,  284°)  from  which  the 
wave  is  coming.  The  RH  estimate  is  the  cruder  of 
the  two,  since  radar  elevation  scans  were  made  for 
only  a  few  azimuths;  it  is  probably  accurate  only  to 
within  ±20°.  Fortunately,  two  of  the  radar  scan 
azimuths  (90°  and  270°)  happened  to  be  very  nearly 
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Fig.  2.  The  four  microbarograph  records  for  the  0100-1600  GMT  interval  on  18  March  1969.  The  records  have  been  shifted  by  times 
of  several  minutes  for  maximum  cross  correlation  and  superimposed.  Note  the  sporadic  wave  activity  at  S  min  and  longer  periods 
occurring  at  about  0300,  0600,  0800  and  1300.  Table  1  gives  the  wave  parameters  determined  from  these  data.  Certain  short  segments 
of  the  microbarograph  records  at  the  break  points  are  not  shown.  The  gray  pattern  in  the  0400-0700  interval  arises  from  a  photographic 
difficulty. 


in  the  direction  of  the  upper  tropospheric  winds  and 
the  wave  travel. 

5)  The  wave  event  occurs  nearly  simultaneously 
at  the  two  locations.  Using  the  estimated  horizontal 
wave  phase  speed  (47  m  s"1)  and  a  propagation  azi- 
muth of  284°,  we  find  that  the  wavefronts  simulta- 
neously passing  over  the  two  sites  (roughly  190  km 
apart)  must  differ  in  phase  by  about  12  wave  cycles, 
so  that  the  propagation  time  between  the  two  sites  is 
about  1  h.  Hence  none  of  the  wavefronts  observed 
by  the  microbarograph  array  (which  were  seen  only 
after  0300)  could  have  passed  over  Wallops  Island  before 
0400.  Thus  the  very  same  wavefronts  were  not  observed 
at  both  Washington  and  Wallops  Island.  It  is  likely 
instead  that  the  airflow  over  the  region  encompassing 
the  two  sites  went  unstable  everywhere  with  respect  to 
the  wave  generation  nearlj  simultaneously.  The  wave- 
train   generated   might   then   have   been   some    10  15 


wavelengths  long  as  indicated  in  Fig.  3.  This  is  not 
an  unreasonably  large  number  of  cycles  if  we  can  judge 
from  satellite  and  ground-based  photographs  of  simi- 
lar wave  phenomena  in  clouds.  The  momentum  trans- 
port associated  with  the  wave  generation  (see  below) 
and  the  CAT  could  have  subsequently  returned  the 
tropospheric  shear  flow  to  a  stable  condition, 
terminating   the   event   after   about   half  an  hour.  (It 

Taulk  1.  Wave  parameters  from  microbarograph  data. 
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J'lG.  3.  A  more  detailed  view  of  Lhe  mierobarograph  wave  event  occurring  just  after  0300, 

together  with  the  values  for  l  he  horizontal  wavelength  X,  horizontal  phase  speed  V,  period  t, 
and  azimuth  .1  from  which  the  wave  was  propagating.  These  are  compared  with  the  waves 
observed  by  the  10.7-em  wavelength  radar  at  Wallops  Island  shown  in  the  portion  of  an  RHI 
photo  taken  along  an  azimuth  of  270"'.  (The  bottom  radar  photo  has  been  retouched  from  the 
original.)  The  radar-derived  wave  parameters  given  in  the  table  were  determined  from  this 
and  other  RHI  photos.  Several  independent  estimates  of  the  wave  phase  velocity  between 
heights  of  X  and  10  km  yield  values  ranging  between  44  and  50  m  s  '.  The  wave  period  given 
here  was  calculated  from  the  corrected  RH  estimates  of  X  and  I'.  (See  the  discussion  in 
the  tcxt.1 


is  of  interest  to  note  that  the  event  at  Washington 
occurred  between  0300  and  0325,  at  Wallops  between 
0317  and  0350.  We  can  tints  conclude'  thai  cither 
the  "velocity  of  propagation  of  the  disturbed  region" 
is  in  the  direction  of  the  background  wind,  in  which 
ease  it  must  exceed  140  m  s_1  which  in  turn  exceeds 
the  maximum  wind  speeds  by  50  m  s— '  or  so,  or  it 
must  be  itt  a  direction  quite  different  from  that  of  the 
background  wind.  It  must,  therefore,  be  of  the-  nature 
of  a  phase  rather  than  a  material  velocity.) 

6)  There  appears  to  be  some  degree  of  consistency 
between  the  wave  amplitude  observed  at  the  height 
of  the  radar  echo  strata  and  the  amplitude  observed 
at  ground  level.  A  definitive  comparison  would  require 
a  full-wave  calculation  using  accurately  known  back- 
ground (or  unperturbed,  or  mean)  temperature  and 
wind  profiles,  using,  for  example,  methods  analogous 
to  those  developed  by  Vergeiner  (1971);  however,  the 
radiosonde  data  available  do  not  provide  such  profiles 
for  the  actual  time  of  the  radar  and  microbarograph 
observations,  nor  do  they  permit  separation  of  t he- 
background  wind  and  temperature  profiles  from  the 
instantaneous  wave-induced  perturbations  of  these 
profiles.   For  these  reasons,  and  because  our  require- 


ments arc  not  very  demanding,  we  have  contented 
ourselves  with  two  very  approximate  comparisons 
using  the  approaches  suggested  by  Tolstoy  and  Herron 
(1969)  and  Gossard  and  Swcezy  (1974).  Neither  of 
these  approaches  is  free  from  difficulties. 

Following  Tolstoy  and  Herron,  we  note  that  the 
lowermost  of  the  three  radar  traces  appears  to  be 
centered  at  a  height  of  8.3  km.  From  Fig.  4,  which  is 
a  composite  of  wind  and  temperature  profiles  taken 
hours  before  and  after  this  event,  we  find  that  the 
background  wind  speed  at  this  height  is  39  m  s_1 
(although  see  the  qualifying  remarks  below).  Now  the 
"intrinsic"  frequency  il  of  the  wave,  i.e.,  the  wave 
frequency  measured  by  an  observer  moving  with  the 
background  wind,  is  defined  bv 


fi(s)=w-*i-/(z)  =  [K-£/(s)>, 


(1) 


where  lo  =  2w,t  is  the  angular  wave  frequency  as 
measured  by  a  stationary  observer  on  the  ground, 
k=2n/\  is  the  horizontal  wavenumber,  and  U  is  the 
background  wind  speed  (we  use  the  scalar  formulation 
here  rather  than  the  vector  because  in  this  example 
the  direction  of  wave  propagation  essentially  coincides 
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with  that  of  the  wind,  and  because  the  changes  in 
the  wind  direction  with  height  are  negligible).  Thus, 
taking  I'  =  47  m  s"1  and  X  =  15  km,  we  find  12  (8.3  km) 
=  3.4X10-3  s_1.  This  corresponds  to  an  intrinsic  wave 
period  of  ~31  min.  The  wave-associated  vertical  parcel 
velocity  amplitude  w  is  related  to  the  amplitude  <T  of 
the  wave-associated  vertical  displacement  by 


u>  =  fQ; 


(2) 


taking  f  =  680  m  from  the  radar  photo,  we  find  'a' =  2.3 
m  s_1.  To  proceed  further,  we  assume  that  the  wave 
propagation  can  be  described  approximately  using  a 
VVKB  treatment;  for  small-scale  plane  waves  propa- 
gating in  an  isothermal  or  slowly-varying  atmosphere, 
the  amplitude  ii  of  the  wave-associated  horizontal 
parcel  velocity  fluctuations  is  given  in  terms  of  w  bv 
(e.g..  Hines,  1970) 


n 

—  \u; 

k\ 


(3) 


where  /;  is  the  vertical  wavenumber,  given  to  the 
same  approximation  bv  (e.g.,  Gossard  and  Munk, 
1954;  Hines,  1960) 


n=k[(N/ay—iy, 


(^ 


where  A*  is  the  Brunt-Vaisala  frequency  {=[(,?  #)</#/ 
(/zj*,  where  8  is  the  potential  temperature  and  g  the 
acceleration  of  gravity} ;  these  last  two  equations  are 
valid  only  for  waves  of  vertical  wavelength  or  skin 
depth  small  compared  to  the  atmospheric  scale  height 
or  the  scale  of  wave  refractive  index  variations.  From 
data  in  Fig.  4  we  find  AT=  1.2X10--'  s"1  at  8.3  km; 
thus  we  find  \n/k\  =3.4  at  a  height  of  8.3  km,  giving 
m(8.3  km)  =  7.8  m  s—1.  The  order  of  magnitude  of  the 
amplitude  p's  of  the  wave-associated  surface  pressure 
fluctuations  in  terms  of  u  (8.3  km)  is  then  (Tolstoy 
and  Herron,  1969) 


H 


ps=[  pop,V 


n  A    V 

n  i    / 

exp 

n(z)dz 


(5) 


where  p„  and  pa  are  the  background  atmospheric  densi- 
ties at  8.3  km  and  at  the  surface,  respectively,  and  n 
and  ns  are  the  corresponding  vertical  wavenumbers. 
We  find  from  the  data  in  Fig.  4  that  n  is  imaginary 
for  heights  z<8  km,  with  an  average  magnitude  be- 
tween the  surface  and  5  km  bf~2.4Xl0-4  m-1.  Thus 
the  wave  is  not  freely  propagating  in  the  vertical 
through  this  region;  rather  it  is  evanescent,  with  the 
exponential  factor  in  (5)  implying  an  amplitude  de- 
creasing with  decreasing  height.  Using  p,  =  1.3X10~3  g 
cm-3  and  p  =  4.7xlO~!g  cm"3,  Fq.  (5)  gives  p  =144 
dyn  cm-2,  which  compares  quite  favorably  with  the 
observed  value  of  perhaps  100-120  dyn  cm-2.  How- 
ever, this  apparent  good  agreement  is  misleading  for 
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Fig.  4a.  Wind  and  temperature  profiles  at  Wallops  Island  at 
2230  GMT  1 7  March  1969  (solid  curves)  and  1115  GMT  18  March 
1969  (dashed  curves).  The  broken  curve  is  the  wind  profile  for 
0300  GMT  18  March,  obtained  by  linear  interpolation;  it  is  this 
profile  that  is  used  in  the  calculations.  It  should  be  clear  that  the 
uncertainties  introduced  by  this  procedure  are  considerable, 
particularly  in  the  shear  region  of  interest.  The  temperature 
profiles  were  sufficiently  similar  so  that  no  interpolation  was 
deemed  necessary.  Wallops  Island  wind  data  were  unavailable  for 
heights  greater  than  12  km;  the  Washington,  D.  C,  wind  data 
for  the  same  time  interval  were  used  to  estimate  the  wind  profile 
at  higher  levels,  indicated  by  the  dotted  portion  of  the  wind 
profile. 

Fig.  4b.  The  intrinsic  wave  frequency  Q,  its  absolute  value,  and 
the  Brunt-Vaisiila  frequency  Ar  averaged  over  1  km  height 
intervals.  Note  that  |fi|  <AT  at  all  heights  above  8  km. 


a  number  of  reasons.  Most  obviously,  the  estimate  of 
the  average  height  of  the  radar  echo  stratum  and  the 
estimate  of  the  background  wind  at  that  height  are 
subject  to  considerable  uncertainty,  implying  a  cor- 
responding uncertainty  in  the  computed  values  of  fi, 
n/k  and  u,  which  are  quite  sensitive  to  the  values 
chosen  for  the  measured  parameters.  More  funda- 
mentally, however,  the  WKB  approximation  made 
here  should  itself  break  down,  because  (i)  the  proper- 
ties of  the  background  medium  in  the  8  km  region 
vary  significantly  over  vertical  distances  of  less  than 
one  wavelength,  (ii)  the  Richardson  number  in  this 
region  is  small,  (iii)  there  is  a  turning  point,  i.e., 
a  height  for  which  n(z)—0  in  this  region,  and  (iv) 
because  the  estimate  fails  to  include  the  effect  of 
wave  reflection  at  the  earth's  surface.  The  last  of 
these  effects  is  allowed  for  in  the  analysis  by  Gossard 
and  Sweezy  (1974),  who  find  that  (changing  notation 
slightly) 

/U\   '  in 

^s=  (  ~ )  (P'P0^ ~£h> 

\k/  sinh  ink 

where   the  overbar  refers   to   an   average  value  over 
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the  height  interval  h  in  question,  which  in  this  case 
is  from  the  surface  to  S.3  km.  Taking  Q/&  =  32  m  s_1 
and  /»  =  2.4X10-4  m-1,  we  obtain  ps—40  dyn  cm-2. 

The  good  agreement  between  the  microbarograph 
records  and  the  Reed  and  Hardy  data  in  the  six 
respects  discussed  above  leaves  little  room  for  doubt 
that  the  Washington,  D.  C,  microbarograph  array 
and  the  Wallops  Island  radar  sensed  the  same  wave 
train,  because  Rli  were  able  to  establish  shear  in- 
stability in  the  jet-stream  airflow  as  the  generating 
mechanism,  the  close  association  between  the  two  sets 
of  records  supports  earlier  evidence  put  forth  by 
Claerbout  (1967)  and  .Madden  and  Claerbout  (1968) 
suggesting  this  origin  for  the  jet-stream-associated 
waves  observed  using  microbarographs. 

The  usefulness  of  microbarographs  in  studies  of 
gravity-wave  motions  in  the  planetary  boundary  layer 
has  been  well  established  (Gossard  and  Munk,  1954; 
(iossanl  et  al.,  l(^7t),  1971;  Hooke  et  al,  1(>72,  1973); 
the  present  results  suggest  that  microbarograph  arrays 
may  be  useful  adjuni  Is  in  radar  and  aircraft  studies 
of  mesoscale  gravity  waves  and  CAT  in  the  upper 
troposphere  as  well.  As  Kqs.  (4)  and  (5)  imply,  the 
arrays  are  best  suited  for  the  study  of  the  larger-scale 
wave  motions  at  these  altitudes  (wavelengths  com- 
parable to  the  height  or  greater),  since  the  ambient 
Iropospheru  wind  shears  tend  to  make  the  smaller- 
scale  waxes  evanescent  outside  a  very  narrow  height 
range,  greatly  reducing  the  wave  amplitude  at  the 
earth's  surface.  Nevertheless,  the  evidence  suggests 
that  these  large-scale  motions  often  coexist  with  the 
smaller-scale  turbulence  that  represents  a  direct  in- 
convenience and  hazard  to  aircraft. 

Indeed,  Hodge  and  Vol/.  (1968)  have  suggested 
that  microbarograph  arrays  might  be  used  to  detect 
CAT  and  have  supplied  some  data  to  support  this 
contention.  Future  joint  radar,  aircraft  and  micro- 
barograph studies  could  confirm  or  deny  this  possi- 
bility. In  addition,  it  appears  that  microbarograph 
arrays  could  be  used  to  indicate  in  real  time  the 
presence  of  wave  motions  of  interest  that  might  be 
delectable  bv  radar  as  well  as  the  wave  propagation 
direction  or  optimum  radar  scan  azimuth.  In  the 
absence  of  such  information,  radar  operators  must 
scan  in  a  variety  of  azimuths  to  search  for  the  wave 
structure  or  identify  the  azimuth  of  wave  propagation; 
this  is  a  rather  time-consuming  process. 

3.  Reexamination  of  the  radar  data :  An  estimate 
of  the  wave-associated  momentum  flux 

While  there  are  a  number  of  echo  strata  revealed 
by  the  Rill  photo  of  Fig.  3,  only  three  are  useful 
for  analysis  of  the  wave  propagation.  Two  features  of 
these  three  radar  echo  strata  are  striking.  The  first  is 
that  the  lowermost  of  the  three  traces  can  apparently 
be  interpreted  most  naturally  as  forming  a  partial 
"cat's  eve"  pattern  with  the  intermediate  trace:  such 


patterns  are  characteristically  found  at  wave  critical 
levels  zc.  Taking  l/  =  47±5  m  s-1  and  remembering 
the  uncertainties  in  the  linearly  interpolated  wind 
profile  of  Fig.  4  we  find  that  there  is  fair  consistency 
on  this  point. 

The  second  is  that  the  upper  two  strata  appear  to 
exhibit  a  small  vertical  phase  variation,  amounting  to 
some  60°  or  1  rad  in  a  height  inverval  of  1.4  km. 
(We  can  gain  some  confidence  in  the  existence  of 
this  vertical  phase  variation  when  we  examine  Fig.  3 
of  RH,  which  shows  that  it  appears  consistently  from 
cycle  to  cycle  in  a  drawing  made  at  a  time  when  its 
significance  was  not  realized.)  This  would  imply,  then, 
an  average  "vertical  wavelength"  at  this  height 
A,  =  8. 4  km.  The  term  is  put  in  quotes  here  because 
it  is  large  compared  to  the  scale  of  the  wind  speed 
gradient,  which  from  (1)  and  (4)  implies  correspond- 
ing large  variations  in  the  true  vertical  wavelength  in 
this  2  km  interval.  It  follows,  of  course,  that  WKB 
concepts  do  not  strictly  apply,  as  indicated  earlier, 
but  if  we  proceed  anyway  to  use  these  equations  to 
estimate  the  vertical  wavelength  expected  theoreti- 
cally, we  find,  taking  ('  =  60  ins-1  as  the  average 
background  wind  speed  in  this  height  interval,  that 
AJ=12km.  The  discrepancy  here  seems  reasonably 
small.  [We  note  parenthetically  that  our  estimate  of 
the  vertical  wavelength  is  just  greater  than  half  the 
value  given  by  Donn  et  al.  (1973),  who  found  X2 
15  km;  while  we  had  the  original  data  at  our  disposal 
and  have  some  confidence  in  our  value,  this  difference 
should  serve  to  indicate  the  uncertainties  involved.] 

The  associated  vertical  phase  propagation  is  upward 
as  seen  by  an  observer  fixed  on  the  ground.  That  is, 
if  we  define  a  coordinate  system  so  that  u>  and  u/k 
are  positive,  and  z  is  positive  upward,  then  w/n  is 
positive  as  well.  At  heights  above  zc,  V<U,  so  that 
9  is  negative  and  9  ' n  is  also  negative.  Thus,  as  seen 
bv  an  observer  moving  with  the  background  wind 
speed  at  cirrus  cloud  level,  the  vertical  wave  phase 
vclocilv  is  downward,  implying  that  the  height  of 
wave  generation  must  be  below  the  height  of  the 
upper  two  radar  traces  (see,  e.g.,  Eckart,  1960;  Hines, 
1960;  Hines  and  Reddy,  1967).  This  constitutes  ad- 
ditional support  for  the  RH  contention  that  the  wave 
studied  here  was  generated  by  shear  instability  in  the 
tropospheric  airflow  at  a  height  of  roughly  9  km,  i.e., 
below  the-  cirrus  cloud  level. 

Now  the  vertical  wave  phase  variation  also  implies 
that  the  wave  motion  is  not  purely  evanescent  or 
trapped:  instead  it  is  at  least  to  some  extent  freely 
propagating  in  the  vertical  direction,  and  must  there- 
fore produce  a  corresponding  vertical  flux  of  hori- 
zontal momentum  (Hines,  1970).  This  is  consistent 
with  the  profiles  of  A'  and  9  shown  in  Fig.  4,  where 
we  see  that  although  9  approaches  N  in  this  region, 
it  never  quite  exceeds  it.  Thus,  according  to  the  WKB 
approximation  the  wave  energy  will  propagate  upward 
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Table  2.  Velocity  amplitudes  for  the  upper  l\vo  radar  traces  of  Fig.  3. 
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(km) 

U 

(m  s"1) 

n 

(s-1) 

f 

(m) 

(in  s-') 

1.9 
0.5 

2.3 

»/£ 

it 
(in  s   ') 

1/ 
(dyn  cm-2) 

10.7 
9.3 

8.3 

70 
51 
39 

-9.6X10-" 
-1.7X10""3 

3.4X10"3 

200 
310 
680 

1.1 
8.2 
3.4 

2.1 
4.1 

7.8 

-7 
-4 

past  the  wind  maximum.  .Vote  that  the  wave  must 
apparently  encounter  another  critical  level  at  a  height 
of  between  15  and  16  km,  where  its  energy  and  mo- 
mentum are  presumably  returned  to  the  mean  flow 
(Booker  and  Bretherton,  1967).  It  is  very  easy  to 
estimate  the  magnitude  M  of  this  flux  if  wc  assume 
that  the  wave  is  entirely  freely  propagating,  i.e.,  there 
is  no  partial  reflection  or  imperfect  wave  ducting. 
In  this  case  it  will  be  given  by 


M 


\pm 


(6) 


Calculating  the  velocity  amplitudes  u  and  w  for  the 
upper  two  radar  traces  in  the  same  manner  as  we 
did  for  the  lowermost  trace  (sec  Table  2),  we  find  .1/ 
(10.7  km)  =  7  dyn  cm"2  and  M  (9.3  kin)  =  4  dyn  cm--. 
[Again,  to  appreciate  the  large  uncertainties  in  these 
estimates,  the  reader  should  compare  them  with  the 
estimate  of  Dorm  ct  al.  (1973),  who  found  A/=1.6 
dyn  cm-'-'.  They  did,  however,  use  the  incorrect  Kll 
value  of  the  horizontal  wave  phase  speed.]  These  will 
be  downward  fluxes  of  positive  horizontal  momentum 
if  we  use  the  coordinate  system  defined  above.  The 
magnitude  of  these  fluxes  is  obviously  rather  large, 
being  several  times  the  annual  average  of  the  down- 
ward flux  of  momentum  at  temperature  latitudes, 
which  amounts  to  some  1  dyn  cm-2  [sec,  e.g.,  I'almen 
and  Newton  (1969)  and  the  references  therein]. 

Before  considering  this  point,  however,  we  must 
emphasize  that  if  the  wave  in  question  were  indeed 
freely  propagating  between  9.3  and  10.7  km  as  hy 
pothesized,  and  not  interacting  with  the  medium 
between  these  two  heights  in  any  way,  then  .17  should 
have  a  constant  value,  which  it  apparently  does  not. 
It  is  tempting  to  dismiss  this  discrepancy  as  experi- 
mental error,  since  by  changing  /'  (9.3  km)  l>\  small 
amounts  we  can  eliminate  the  discrepancy  entirely, 
and  since  the  uncertainties  in  I  (z)  are  considerable. 
But  we  can  also  increase  the  apparent  discrepant') 
by  similar  means,  and  in  any  event  we  know  that 
the  inhomogeneities  in  the  medium  will  induce  partial 
reflections  and  interactions. 

In  any  event,  the  large  value  of  the  flux  estimated 
in  this  case  is  not  out  of  lint'  with  more  direct  mea- 
surements of  the  wave-associated  momentum  flux 
produced  during  several  similar  wave-generation  events 
in  the  planetary  boundary  layer  [Hines.  197(1  (2  dyn 
cm-2);  Hooke  ct  al.,  1972,  1973  (5  dyn  cm-);  Beran 
el  al.,  1973  (1  dyn  cm-'-')].  All  these  fluxes  are  com 
parable  to  the  lee-wave  momentum  fluxes  (7  dyn  cm-'2) 


measured  by  Lilly  (1971),  whose  divergence  has  been 
suggested  to  be  of  some  importance  in  limiting  the 
intensity  of  jet-stream  winds  (Lilly,  1972).  In  view  of 
the  microbarograph  observations  that  show  jet-stream- 
associated  atmospheric  waves  to  be  a  fairly  common 
wintertime  occurrence  over  regions  of  broad  longitu- 
dinal extent  (see  the  references  cited  at  the  beginning 
of  this  paper),  we  are  tempted  to  infer  that  wave 
generation  by  shear  instability  may  be  as  important 
as  lee  wave  generation  in  producing  the  vertical 
transport  of  momentum  at  temperate  latitudes  re- 
quired for  global,  atmospheric  momentum  balance. 
Indeed,  this  was  the  explanation  jail  forth  by  llelm- 
holtz  (INKS)  nearly  a  century  ago  to  account  for  the 
absence  of  excessively  high  winds  at  temperate  lati- 
tudes [the  instability  that  bears  his  name;  see  also 
Lorenz  (1967),  who  puts  this  work  in  context].  We 
feel  it  important  to  attempt  to  confirm  or  deny  this 
inference  through  more  careful  and  extensive  observa- 
tional studies  of  the  type  only  illustrated  above. 
These  would  require  more  timely  measurements  of  the 
background  temperature  and  wind  profiles  and  direct 
measurement  of  the  wave-associated  velocity  pertur- 
bations. Tn  addition,  statistical  studies  should  be 
made  to  determine  the  occurrence  frequency  of  such 
events,  and  the  nature  of  the  wave-associated  mo- 
mentum transport  both  in  individual  cases  and  on 
the  average. 

The  wave-associated  vertical  energy  flux  in  the 
Bl  km  region  for  this  event  may  also  be-  calculated. 
It  is  (e.g.,  [lines  and  Reddv,  1967;  Mines,  1970) 


J/K 


l'-/');nc~8()00  ergs  en 


again  a  very  large  value. 

Ackiio'u'h'tlgmeiils.  We  wish  to  thank  Dr.  David 
Atlas  of  WAR  and  Dr.  Richard  J.  Reed  of  the 
University  of  Washington  for  helpful  comments  on 
the  dralt  form  of  the  paper. 

Mr.  (1.  K.  (ireene  of  \().\A's  I'ropagalion  Labora- 
tory recovered  and  analyzed  the  microbarograph  data. 
Certain  aspects  of  the  research  were  carried  out  by 
W'.II.H.  at  the  Cooperative  Institute  for  Research 
in  the  Environmental  Sciences  (CIRF.S),  an  institute 
run  jointly  by  the  University  of  Colorado  and  NOAA, 
and  were  supported  in  part  by  the  National  Science 
Foundation,  under  Crant  (JA-32604.  The  research  con- 
ducted  using   the  Wallops    Island    radar    facility   has 


379 


38 


JOURNAL     OF     APPLIED     METEOROLOGY 


Volume  14 


been  supported  in  part  by  the  National  Aeronautics 
and  Space  Administration. 

REFERENCES 

Beran,  D.  W.,  VV.  H.  Hooke  and  S.  F.  Clifford,  1973:  Acoustic 

echo-sounding  techniques  and  their  application  to  gravity- 
wave,  turbulence,  and  stability  studies.  Bound.  Layer  Meteor., 

4,  133-153. 
Booker,  J.  R.,  and  F.  P.  Bretherton,  1967:  The  critical  layer  for 

internal  gravity  waves  in  a  shear  flow.  J.  Fluid  Mech.,  27, 

513-539. 
Claerbout,  J.  F.,  1967:  Electromagnetic  effects  of  atmospheric 

gravity    waves.    Ph.D.    thesis,    Massachusetts    Institute    of 

Technology. 
,  and  T.  R.  Madden,  1968:  Electromagnetic  effects  of  atmo- 
spheric gravity  waves.   Proc.  Acoustic-Gravity-Wave  Svmp., 

T.  M.  Georges,  Ed.,  U.  S.  Govt.  Printing  Office,  135-155. 
Donn,  W.  L.,  S.  D.  Gedzelman  and  N.  K.  Balachandran,  1973: 

Atmospheric  waves  and  the  energy  of  the  jet  stream.  Bull. 

Amer.  Meteor.  Soc,  54,  633-636. 
Eckart,  C.  H.,  1960:  Hydrodynamics  of  Oceans  and  Atmospheres. 

Pergamon,  290  pp. 
Flauraud,  E.  A.,  A.  H.  Mears,  V.  A.  Crowley,  Jr.,  and  A.  P.  Crary, 

1954:  Investigation  of  microbarometric  oscillations  in  eastern 

Massachusetts.  AFCRC  Tech.  Rept.  54-11. 
Georges,  T.  M.,  and  J.  M.  Young,  1972 :  Passive  sensing  of  natural 

acoustic-gravity  waves  at  the  earth's  surface.  Proc.  Remote 

Sensing  of  the  Troposphere,  V.   E.   Derr,   Ed.,   LT.  S.   Govt. 

Printing  Office,  Chap.  21. 
Gossard,  E.  E.,  and  VV.  H.  Munk,  1954:  On  gravity  waves  in  the 

atmosphere.  /.  Meteor.,  II,  259-269. 
,  J.  H.  Richter  and  D.  Atlas,  1970:  Internal  waves  in  the 

atmosphere    from    high-resolution    radar    measurements.    /. 

Geophys.  Res.,  75,  3523-3536. 
,  D.  R.  Jensen  and  J.  H.  Richter,  1971:  An  analytical  study 

of  tropospheric  structure  as  seen  bv  high-resolution   radar. 

J.Atmos.  Sci.,  28,  794-807. 
,  and  W.  B.  Sweezy,  1974:  Spectra  of  waves  the  in  atmosphere. 

J.  Atmos.  Sci.,  31,  1540-1548. 
Hardy,  K.  R.,  and  R.  J.  Reed,  1972:  Wave  patterns  and  clear  air 

turbulence.  Preprints  I5tli  Radar  Meteor.  Conf.,  Champaign- 

Urbana,  Amer.  Meteor.  Soc,  262-267. 
Helmholtz,  H.,  1888:  Uber  atmospharische  Bewegwigen.  Silz.-  Bir. 

Akad.  IViss.  Berlin,  647-663.  English  translation:  Abbe,  O, 

The  mechanics  of  the  earth's  atmosphere.  Washington,  I).  C, 

The  Smithsonian  Institution,  58-66  (1893). 
Herron,  T.  J.,  and  I.  Tolstoy ,  1969:  Tracking  jet  stream  winds 

from  ground  level  pressure  signals.  J.  Atmos.  Sci.,  26,  266-269. 


, and  D.  W.  Kraft,  1969:  Atmospheric  pressure  back- 
ground fluctuations  in  the  mesoscale  range.  J.  Geophvs.  Res., 
74,  1321-1329. 

Hines,  C.  O.,  1960:  Internal  atmospheric  gravity  waves  at 
ionospheric  heights.  Can.  J.  Phys.,  38,  1441-1481. 

,  1970:  Comments  "Internal  waves  in  the  atmosphere  from 

high  resolution  radar  measurements."  /.  Geophys.  Res.,  75. 
5956-5959. 

,  and  C.  A.  Reddy,  1967:  On  the  propagation  of  atmospheric 

gravit  v  waves  through  regions  of  wind  shear.  /.  Geophvs.  Res., 
72,  1015-1034. 

Hodge,  M.  VV.,  and  D.  T.  Volz,  1968:  Possible  relations  of  meso- 
scale surface  pressure  waves  to  the  jet  stream  region  and  to 
clear  air  turbulence.  Preprints  Third  Natl.  Conf.  Aerospace 
Meteor.,  New  Orleans,  Amer.  Meteor.  Soc,  557-564. 

Hooke,  W.  H.,  J.  M.  Young  and  D.  W.  Beran,  1972:  Atmospheric 
waves  observed  in  the  planetary  boundary  layer  using  an 
acoustic  sounder  and  a  microbarograph  array.  Bound.  Layer 
Meleor.,2,371-i&0. 

,  F.  F.  Hall,  Jr.,  and  E.  E.  Gossard,  1973 :  Observed  generation 

of  an  atmospheric  gravity  wave  by  shear  instability  in  the 
mean  flow  of  the  planetarv  boundary  laver.  Bound.  Layer 
Meteor.,  5,  29-41. 

Katz,  I.,  1972:  The  detection  and  study  of  gravity  waves  with 
microwave  radar. 'Proc.  AGARD  Conf.,  liffects  of  Atmospheric 
Acoustic  Gravity  Waves  on  Electromagnetic  Wave  Propagation, 
Wiesbaden,  Chap.  21. 

Kuettner,  J.,  1952  :  On  the  possibility  of  soaring  on  traveling  waves 
in  the  jet  stream.  Aeronaut,  ling.  Rev.,  11,  No.  12,  1-7. 

Lilly,  D.  K.,  1971 :  Observations  of  mountain-induced  turbulence. 
/.  Geophys.  Res.,  76,  6585-6588. 

,  1972  :  Wave  momentum  flux — a  GARP  problem.  Bull.  Amer. 

Meteor.  Soc,  53,  17-23. 

Lorenz,  F.  N.,  1967  :  The  Mature  and  Theory  of  t lie  General  Circula- 
tion of  the  Atmosphere.  World  Meteorological  Organization, 
Geneva. 

Madden,  T.  R.,  and  J.  F.  Claerbout,  1968:  Jet-stream-associated 
gravity  waves  and  implications  concerning  jet  stream  sta- 
bility. Proc.  Acoustic-Gravitv-Wave  Symp.,  T.  M.  Georges, 
Ed.,U.  S.  Govt.  Printing  Office,  121-134. 

Palmen,  E.,  and  C.  W.  Newton,  1969:  Atmospheric  Circulation 
Systems.  Academic  Press,  603  pp. 

Reed,  R.  J.,  and  K.  R.  Hardy,  1972:  A  case  study  of  persistent, 
intense,  clear  air  turbulence  in  an  upper  level  frontal  zone. 
/.  Appl.  Meteor.,  11,  541-549. 

Tolstoy,  I.,  and  T.  J.  Herron,  1969:  A  model  for  atmospheric 
pressure  fluctuations  in  the  mesoscale  range.  /.  Atmos.  Sci., 
26,  270-273. 

Vergeiner,  I.,  1971:  An  operational  linear  lee  wave  model  for 
arbitrary  basic  flow  and  two-dimensional  topography.  Quart. 
J.  Roy.  'Meteor.  Soc,  97,  30-60. 


380 


2040 


JOURNAL     OF     THE     ATMOSPHERIC     SCIENCES 


Volume  31 


Waves  Observed  in  the  Planetary  Boundary  Layer 
using  an  Array  of  Acoustic  Sounders 

A.  G.  Kjelaas,1  D.  W.  Beran,2  W.  H.  Hooke2  and  B.  R.  Bean3 
(Manuscript  received  27  December  1973,  in  revised  form  3  June  1974) 

ABSTRACT 

Three  acoustic  sounders,  with  antennas  having  vertically-pointed  beams  located  at  the  vertices  of  a  tri- 
angle about  300  m  on  a  side,  have  been  used  successfully  to  calculate  horizontal  phase  velocities  of  gravity 
waves  in  the  lowest  1000  m  of  the  atmosphere.  The  wave  parameters  obtained  were  compared  with  those 
obtained  by  an  array  of  microbarographs.  The  results  from  the  two  independent  techniques  agreed  well  in 
all  cases  where  the  waves  were  detected  by  both  methods.  However,  the  acoustic-sounder  array  was  also 
able  to  detect  gravity  waves  propagating  in  an  inversion  overlying  the  convective  boundary  layer  that  were 
undetected  by  the  microbarograph  array  because  of  wave  attenuation  in  the  convective  region. 

Wave-associated  vertical-velocity  fluctuations  inside  the  undulating  structure  were  measured  using 
Doppler  techniques  to  an  accuracy  of  about  ±0.1  m  sec-1.  Vertical-velocity  fluctuations  of  about  ±0.5 
m  sec-1  were  measured  inside  one  wave  with  displacement  amplitude  of  120  m  and  wavelength  of  5.5  km. 
From  wave-associated  vertical-velocity  fluctuations,  displacement  amplitude  and  wave  period,  we  could 
calculate  the  wind  speed  component  along  the  wave  propagation  direction.  This  calculated  wind  speed 
component  agreed  reasonably  well  with  the  value  derived  independently  from  radiosonde  measurements. 


1.  Introduction 

During  the  summer  of  1972,  the  staff  of  XOAA's 
Wave  Propagation  Laboratory  (WPL)  mounted  an 
experimental  program  at  the  Haswell  field  site  in 
Colorado  lasting  several  weeks.  During  the  observing 
period,  this  area  was  characterized  by  a  typical  High 
Plains  meteorological  regime:  strong  radiative  cooling 
at  night  and  strong  heating  and  convective  activity 
during  the  day.  The  program  had  the  dual  objectives 
of  (i)  checking  the  operation  of  a  variety  of  remote 
sensing  systems  and  calibrating  them  against  data 
gathered  from  a  150  m  instrumented  meteorological 
tower,  and  (ii)  studying  the  Haswell  atmospheric 
boundary  layer. 

Included  among  the  remote-sensing  systems  and 
meteorological  instruments  were  three  acoustic  echo 
sounders  and  an  array  of  microbarographs.  The 
acoustic  echo  sounders  operate  like  sonars:  they 
transmit  acoustic  pulses  and  detect  the  echoes  re- 
sulting from  boundary-layer  turbulent  wind  and  tem- 
perature fluctuations  (Tatarski,  1961;  Monin,  1962). 
In  this  way,  these  sounders  can  measure  boundary- 
layer  turbulence  intensity  (e.g.,  Little,  1969;  Bean, 
1971;  Emmanuel  el  al.,  1972;  Beran  el  al.,  1973; 
McAllister,    1968)   as  a  function  of  height   and   time, 

1  Norwegian  Defence  Research  Establishment,  Kjeller,  Norway. 

2  Wave  Propagation  Laboratory,  NOAA  Environmental  Re- 
search Laboratories,  Boulder,  Colo. 

3  Office  of  Weather  Modification,  NOAA  Environmental  Re- 
search Laboratories,  Boulder,  Colo. 


as  well  as  the  three  components  of  the  boundary- 
layer  wind,  which  can  be  determined  from  the  Doppler 
shift  of  the  acoustic  echoes  when  two  of  the  three 
antenna  beams  are  directed  at  angles  off  the  vertical 
(Beran  el  al,  1971,  1973;  Beran  and  Clifford,  1972). 
The  microbarographs  supported  the  remote-sensing 
studies  of  boundary-layer  gravity  waves,  by  measuring 
wave-associated  pressure  fluctuations  at  the  earth's 
surface.  From  these  records  we  determined  wave 
parameters  such  as  wave  period,  horizontal  wave- 
length, phase  velocity  and  azimuth  of  propagation 
[for  illustrations  of  previous  studies  see,  e.g.,  Hooke 
el  al.  (1972)  and  Beran  el  al.  (1973)]. 

During  most  of  the  observing  period,  the  acoustic 
echo  sounder  data  were  gathered  primarily  to  evaluate 
the  relative  merits  of  various  antenna  configurations 
in  Doppler  wind  measurements.  However,  we  were 
also  interested  to  see  whether  we  could  operate  the 
sounders  in  a  mode  analogous  to  that  of  the  micro- 
barograph  array  in  order  to  study  boundary-layer 
wave  motions.  To  test  this  possibility,  we  operated 
the  sounders  for  short  intervals  several  hundred  meters 
apart  with  all  beams  directed  vertically.  Then  to  de- 
termine horizontal  wavelengths,  wave  phase  speeds 
and  propagation  directions,  we  used  the  cross  correla- 
tion between  corresponding  features  of  the  acoustic 
echo  returns  recorded  by  the  three  sounders  (i.e.,  the 
cross  correlation  between  the  height-time  echo  inten- 
sity patterns),  and  the  time  lags  required  to  maximize 
this   cross   correlation.    These    values    were   compared 
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Fig.  1.  The  layout  of  the  experimental  configuration.  Points 
marked  A,  B,  C  show  the  positions  of  the  three  acoustic  echo 
sounders,  and  Ml,  M2,  M3  the  microbarographs. 


with  those  obtained  from  the  microbarograph  cross- 
correlation  analysis  as  well  as  with  those  obtained  by 
using  the  so-called  impedance  relation  (Gossard  and 
Munk,  1954),  which  gives  the  wave  phase  speed  and 
direction  from  an  analysis  of  the  wave-associated 
pressure  and  velocity  fluctuations  measured  at  a  single 
point. 

In  this  paper,  we  summarize  the  results  of  using 
an  array  of  three  vertically-pointing  acoustic  echo 
sounders  in  calculating  the  phase  velocity,  period,  and 
hence  the  horizontal  wavelength  of  gravity  waves. 
The  results  illustrate  the  advantages  and  limitations 
of  this  application  of  acoustic  echo  sounding.  In  ad- 
dition, we  show  that  from  sounder  measurements  of 
1)  wave  period,  2)  wave-associated  vertical-velocity 
perturbations  (as  revealed  by  Doppler  shifts  of  the 
acoustic  echo  returns),  3)  vertical  parcel-displacement 
perturbations  (as  revealed  by  fluctuations  in  height 
of  the  strata  of  strong  echo  returns),  and  4)  horizontal 
wavelength  (calculated  from  measurements  of  wave 
period  and  phase  velocity),  we  can  determine  the 
mean  wind  speed  component  in  the  direction  of  wave 
propagation.  We  can  therefore  check  the  data  still 
further  for  consistency  by  comparing  the  value  of  the 
mean  wind  speed  calculated  in  this  manner  with  that 
measured  directly  from  a  radiosonde  and  on  the  tower. 
Thus,  we  have  demonstrated  in  principle  that  acoustic- 
echo  sounders  can  use  boundary-layer  gravity  waves 
as  tracers  in  wind  profiling. 


2.  The  experiment 


marked  Ml,  M2,  and  M3  denote  the  positions  of  the 
three  microbarographs  and  T  the  location  of  the  150  m 
meteorological  tower.  This  size  and  configuration  was 
adequate  for  the  gravity-wave  studies  here;  however, 


to  study  larger-scale  waves  with  higher  phase  veloci- 
ties, we  would  have  needed  a  larger  triangle. 

The"  three  sounders  (A,  B,  C)  were  operated  at 
center  frequencies  of  2750,  1750  and  2250  Hz,  respec- 
tively, in  order  to  avoid  cross  talk.  The  other  sounder 
parameters  are  given  in  Table  1.  Both  the  intensity 
of  the  backscattered  energy  and  the  Doppler  frequency 
shift  for  each  sounder  were  recorded  on  analog  tapes 
and  digitized  at  a  sampling  rate  of  62.5  sec-1.  In  ad- 
dition, facsimile  recordings  were  made  of  the  acoustic 
echo  returns  as  functions  of  boundary-layer  height 
and  time.  The  tower  was  instrumented  to  measure 
wind  and  temperature  at  30,  60,  90,  120  and  150  m ; 
and  to  measure  wave-associated  pressure  fluctuations 
at  90  and  150  m.  Radiosonde  wind  and  temperature 
profiles  were  also  obtained. 

3.  Theory    of    wind    speed    determination    from 
gravity-wave  observations 

For  any  fluid  motion  the  vertical  parcel  velocity  w 
is  instantaneously  related  to  the  vertical  parcel  dis- 
placement f  by 


EL 

Dt' 


(1) 


where  D/Dl  denotes  the  time  derivative  following  the 
parcel  motion.  That  is, 


I) 

Dt     dt 


-+u-V, 


(2) 


so  that  for  a  sinusoidal  wave  of  frequency  w  (as  mea- 
sured by  an  observer  fixed  with  respect  to  the  ground) 
and  wave  vector  k,  and  of  perturbation  amplitude 


Dt 


-k-U0s«. 


(3) 


The  frequency  il  is  the  so-called  "intrinsic"  wave 
frequency,  i.e.,  the  wave  frequency  that  would  be 
measured  by  an  observer  moving,  relative  to  the 
ground,  with  the  background  wind  velocity  U0.  In 
general,  Uo=U0(s)  and  il=Q(z),  where  z  is  the  height. 
Thus,  at  any  height  z,  we  have  the  relation 

w*(.z)  =  ll(z){*(z),  (4) 

Tahlb  1.  Acoustic  echo  sounder  parameters. 


I'eak  power 
Pulse  width 

Pulse  repetition  frequency 
Maximum  range 
Carrier  frequency 
Antenna  diameter 
Antenna  bcamwidth 
Beam  direction 
Receiver  bandwidth 


10  VV  (acoustic) 

100  msec 

0.125  Hz 

1360  m 

variable  from  1750-2750  H 

152  cm 

±5°  to  3-dU  points 

vertical 

100  H/. 


382 


JOURNAL     OF     THE     ATMOSPHERIC     SCIENCES 

1360- 

Ant.  1 


Volume  31 


Ant.  3 


^^iti?*??^-  ••-■_ 


,  p&sEs&SSutiptto  wmsufiKBgam 


0100 
Local  Time 


0000 


0300 


Fig.  2.  Facsimile  records  from  each  of  the  sounders  for 
0000-0200  FT  8  August  1972:  Case  I. 

where   the   asterisks  denote   amplitudes   of   the   wave- 
associated  fluctuations.  We  have  then  that 


£'„*(«)»=■ 


'(*) 


k    H*(z) 


=  -  l 


co< 


(5) 


where  Uok=  (k ■  Uu) /k.  This  value  of   Co*  can  then  be 
compared  with  the  one  obtained  from  radiosonde. 

4.  Analysis 

Three  periods  [0100-0140  LT  8  August  1972 
(Case  I);  0215-0235  LT  23  |ulv  1972  (Case  II); 
0820-0850  LT  23  July  1972  (Case  III)]  were  selected 
for  detailed  analysis.  The  facsimile  records  from  each 
of  the  three  sounders  for  each  of  the  three  cases  arc- 
shown  in  Figs.  2-4.  To  determine  the  horizontal  wave 
phase  speed  and  direction  of  propagation  of  the  waves 
revealed  by  the  undulating  strata  of  strong  echo 
returns  shown  in  Figs.  2-4,  a  simple  lime-lagged 
cross-correlation  analysis  between  the  intensity  pat- 
terns of  the  strong  echo  return  above  the  nocturnal 
inversion  for  the  three  sounders  was  performed.  In 
general,  the  peak  in  the  cross  correlations  does  not 
occur  at  zero  time  lag,  but  is  shifted  in  time.  These 
shifts  correspond  to  the  travel  time  of  a  wave  from 
one  sounder  to  another.   From   this  travel   time  both 


Fig.  3.  Facsimile  records  from  each  of  the  sounders  for 
0200-0300  LT  23  July  1972:  Case  II. 

phase    speed    and    direction    of    propagation    can    be 
derived  (Briggs  el  al.,  1950). 

The  accuracy  in  the  derived  phase  velocity  depends 
on  the  accuracy  with  which  the  different  travel  times 
can  be  estimated.  Since  the  pulse  repetition  frequencv, 
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Fig.  4.  Facsimile  records  from  each  of  the  sounders  for 
0800-0900  LT  23  July  1972:  Case  III. 
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which  can  be  interpreted  as  the  sampling  frequency, 
is  0.125  Hz  in  our  case,  the  position  in  time  of  the 
peak  of  the  cross  correlation  cannot  be  estimated 
more  accurately  than  ±4  sec.  This  should  give  an 
accuracy  in  the  calculated  phase  speed  of  the  order 
of  ±1  m  sec-1  and  approximately  ±10°  on  direction 
for  a  wave  travelling  with  a  speed  of  10  m  sec-1  over 
the  array.  An  increase  in  phase  speed  will  increase 
the  estimated  errors.  For  Case  I,  Doppler  data  were 
used  to  estimate  the  wave-associated  vertical-velocity 
fluctuations.  For  this  purpose  the  echo  returns  from 
live  vertical  height  intervals  totalling  about  11m  were 
time-averaged  over  10  consecutive  pulses  (80  sec). 
The  vertical  velocity  resolution,  assuming  that  the 
signal  must  be  observed  for  0.0588  sec  and  that  one- 
quarter  of  the  period  is  needed  to  track  the  Doppler, 
was  found  to  be  ±0.1  m  sec-1. 

a.  Case  I 

In  Case  I  (Fig.  2)  we  have  an  apparently  stable 
undulating  stratum  of  strong  echo  returns  well  sepa- 
rated from  the  nocturnal  surface  boundary-layer  in- 
version below.  The  wave  motion  appears  to  be  nearly 
sinusoidal,  and  the  wave  parameters  for  this  time 
interval  calculated  from  both  the  acoustic-echo-sounder 
array  data  and  the  microbarograph  array  data  are 
shown  in  Table  2.  Table  2  also  gives  the  horizontal 
wave  phase  speed  u>/k  and  propagation  direction  com- 
puted from  tower  data  on  the  amplitude  of  the  wave- 
associated  pressure  fluctuations  p'  and  horizontal 
velocity  fluctuations  u'  (where  prime  denotes  the 
wave-associated  departure  from  the  background 
value  k),  using  the  "impedance  relation"  (Oossard 
and  Munk,  1954) 


Haswell  Colorado 
August  8,  1972 


u) 


P'(.z) 


k     p0(z)u'(z) 


-U0k(z). 


(6) 


No  significant  differences  appear  between  the  results 
obtained  from  the  microbarograph  array  and  the 
acoustic  echo  sounder  array  as  far  as  wave  period  and 
horizontal  phase  speed  are  concerned ;  both  give  a 
period  of  about  715  sec  and  a  phase  speed  of  about 
8  m  sec-1.  The  difference  in  the  observed  direction 
of  arrival  is  larger,  about  25°;  however,  because  the 

Table  2.  Wave  parameters  for  the  events  of  Case  I. 


Wave  parameters 


Acoustic 

sounder 

array 


Microbaro- 
graph Impedance 
array  relation 


Period 

Horizontal  phase  speed 
Horizontal  wavelength 
Direction  of  arrival 
Average  height  of  the 

wave 
Amplitude  of  the  wave 


7 1 5  sec 
7.5  m  sec-1 
5.4  km 
245° 
400  m 

120  m 


717  sec 
8.0  m  sec- 
5.7  km 
220° 


7.7  m  sec  l 


0100 


0120 

Local  Time 


Fig.  5.  Doppler-derived  vertical  velocities  for  the  case  shown 
in  Fig.  2.  The  darker  cross-hatched  portions  indicate  upward 
vertical  velocity,  while  lighter  stippled  portions  correspond  to 
areas  with  downward  vertical  velocity.  The  heavy  line  is  the 
zero  vertical  velocity  contour;  the  ±0.1  and  ±0.3  m  sec-1  con- 
tours are  also  shown.  The  dotted  lines  are  the  boundaries  of  the 
stratum  of  strong  echo  return. 

wavelength  is  an  order  of  magnitude  greater  than  the 
dimensions  of  the  array,  the  direction  determined  is 
subject  to  uncertainties  larger  than  ±10°. 

The  Doppler-derived  vertical  velocities  for  Case  I  are 
shown  in  Fig.  5.  The  hatched  portions  indicate  height- 
time  intervals  of  positive  (i.e.,  upward)  vertical  ve- 
locity, while  the  stippled  portions  correspond  to  areas 
with  negative  (i.e.,  downward)  velocity.  The  heavy 
line  is  the  zero  vertical  velocity  boundary;  the  ±0.1 
and  ±0.3  m  sec-1  contours  are  also  shown.  For  clarity, 
the  boundaries  of  the  stratum  of  strong  echo  return 
(dotted  lines)  are  also  shown. 

The  Doppler-derived  vertical  velocity  for  the  de- 
scending portion  of  the  wave  between  0109  and  0115 
was  found  to  average  —0.25  m  sec-1  with  a  maximum 
value  of  —0.35  m  sec-1.  Between  0123  and  0129,  the 
Doppler  method  gave  about  —0.35  m  sec-1  with  a 
maximum  of  —0.48  m  sec"1.  This  agreement  is  very 
good.  The  low  signal-to-noise  ratio  precluded  our 
deriving  the  vertical  velocity  for  that  part  of  the 
atmosphere  between  the  stratum  of  strong  echo  returns 
and  the  nocturnal  inversion  below;  therefore,  we  were 
unable  to  determine  whether  this  part  of  the  atmo- 
sphere was  oscillating  in  phase  with  the  wave  motion 
above.  However,  by  examining  the  vertical  velocity 
fluctuations  at  the  top  of  the  nocturnal  inversion,  as 
shown  in  the  bottom  of  Fig.  5,  we  see  that  periods 
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with  significant  upward  vertical  velocities  correspond 
to  the  periods  of  upward  vertical  velocity  inside  the 
stratum  of  strong  echo  returns.  The  facsimile  record 
in  Fig.  2  also  gives  evidence  that  the  height  of  the 
nocturnal  inversion  is  oscillating  in  phase  with  the 
wave  motion. 

Using  the  wave  parameters  shown  in  Table  2 
together  with  Eq.  (5),  we  obtained  a  wind  component 
of  6  m  sec-1  along  the  propagation  direction  of  the 
wave.  The  radiosonde  gave  a  component  of  about 
5.5  m  sec-1.  Unfortunately,  the  radiosonde  we  used 
was  released  about  2  hr  before  the  wave  event.  During 
the  time  between  the  radiosonde  and  the  wave  event, 
no  significant  changes  in  wind  speed  or  direction  were 
observed  on  the  nearby  tower.  This  may  indicate 
that  the  radiosonde  data  were  representative  of  values 
prevailing  at  the  time  of  the  event,  at  least  in  the 
first  few  hundred  meters.  Taking  into  account  the 
difference  in  time  between  the  radiosonde  and  the 
wave  event,  the  agreement  between  the  wind  com- 
ponent measured  by  the  radiosonde  and  the  one  cal- 
culated from  acoustic  sounder  data  is  quite  good. 
This  appears  to  confirm  the  potential  of  acoustic  echo 
sounder  observations  of  boundary-layer  gravity  waves 
for  measuring  boundary-layer  wind  speeds. 

b.  Case  II 

In  Case  II  (Fig.  3)  the  wave  is  clearly  within  the 
nocturnal  inversion.  The  wave  parameters  calculated 
both  from  the  acoustic  sounder  and  the  microbaro- 
graph  array  are  shown  in  Table  3. 

As  we  see,  an  excellent  agreement  exists  between 
the  two  systems.  In  this  case  the  wavelength  is  much 
shorter,  only  about  3.5  km,  which  gives  us  better 
accuracy.  In  addition,  even  at  only  250  m  above 
ground  the  wave  has  a  relatively  large  amplitude, 
giving  us  a  good  signal-to-noise  ratio  in  the  pressure 
fluctuations  observed  on  the  ground. 

c.  Case  III 

Case  III  (Fig.  4)  is  a  common  morning  situation 
in  which  the  nocturnal  inversion  is  eliminated  when 
a  convective  layer  develops  with  the  onset  of  solar 
heating.  The  rising  plumes  within  this  convective 
layer  appear  to  induce  a  wave  structure  at  its  top. 
There  is  some  evidence  of  vertical  wave  phase  varia- 

Table  3.  Wave  parameters  for  the  events  in  Case  II. 


Table  4.  Wave  parameters  for  the  events  of  Case  III. 


Wave  parameters 


Acoustic 

sounder 

array 


Microbarograph 
array 


Period 
Phase  speed 
Wavelength 
Direction  of  arrival 
Amplitude 


368  sec 

365  sec 

9.7  m  sec-1 

10  m  sec 

3.5  km 

3.6  km 

330° 

322° 

100  m 

Wave  parameters 


Acoustic 

sounder 

array 


Period 

Horizontal  phase  speed 
Horizontal  wavelength 
Direction  of  arrival 
Amplitude  of  the  wave 


205  sec 
5.2  m  sec-1 
1.1  km 
278° 
-50  m 


tion,  indicating  a  wave-associated  vertical  energy  and 
momentum  transport  within  the  overlying  inversion. 
These  wave  parameters  are  shown  in  Table  4.  For 
this  event,  we  were  only  able  to  calculate  the  wave 
parameters  from  the  acoustic  sounder  array;  the  wave 
was  not  detected  by  the  microbarograph  array.  The 
reason  for  this  can  be  seen  from  the  gravity-wave 
dispersion  equation  which,  in  the  Boussinesq  and 
WKB  approximations  can  be  written  as  (e.g.,  Hooke 
el  al.,  1973) 

'A2 
=  kH-    -1),  (7) 


■GB 


where  we  have  assumed  that  the  wave-associated 
velocity  and  pressure  perturbations  vary  as 

exp/(Q/  —  kx  —  nz), 

and  where  N2=gd{\nd)/dz  is  the  square  of  the  Brunt- 
Va.isa.la  frequency  N.  Since  for  the  most  part  the  tem- 
perature structure  within  the  convective  planetary 
boundary  layer  is  adiabatic,  N  ~Q,  which  implies  from 
Eq.  (7)  that  n=±ik.  Thus,  we  find  that  the  wave 
amplitude  at  ground  level  is  only  a  few  percent  of 
what  it  is  in  the  overlying  inversion;  this  causes  it  to 
be  undetectable  in  the  presence  of  the  large  pressure 
fluctuations  associated  with  the  thermal  plumes. 

5.  Conclusion 

We  have  shown  that  three  vertically-pointing  acous- 
tic sounders  arranged  in  a  triangle  about  300  m  on  a 
side  can  be  successfully  used  to  calculate  horizontal 
wavelengths,  phase  velocities,  and  direction  of  arrival 
of  gravity  waves  in  the  lower  1000  m  of  the  atmo- 
sphere. The  gravity  waves  analyzed  had  horizontal 
wavelengths  ranging  from  about  1  km  to  almost  6  km 
with  horizontal  phase  velocities  from  5  to  10  m  sec-1. 
Comparing  these  results  with  a  collocated  array  of 
microbarographs  gave  a  good  agreement. 

Using  estimates  of  the  wave-associated  vertical- 
velocity  fluctuations  and  vertical  displacements  to- 
gether with  the  wave  period  and  horizontal  wavelength, 
we  were  able  to  determine  the  mean  wind  speed  com- 
ponent along  the  wave  prppagation  direction. 
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Thunderstorm  Flow  Patterns  in  Three  Dimensions 
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The  dual-Doppler  radar  system  at  the  Wave  Propa- 
gation Laboratory  of  NOAA  has  recently  revealed  in 
unprecedented  detail  the  three-dimensional  velocity 
structure  within  a  severe  thunderstorm  during  the  ma- 
ture and  dissipating  stages.  These  observations  were 
obtained  during  the  National  Hail  Research  Experiment 
(NHRE)  in  northeast  Colorado  on  28  July  1973  when 
hail  was  reported  at  the  ground.  Data  acquisition  and 
reduction  procedures  described  by  Miller  and  Strauch 
(1974)  were  utilized  in  producing  these  results. 
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Fig.  1.  Horizontal  flow  relative  to  moving  storm  at  6.4  km 
above  ground.  Lengths  of  arrows  are  proportional  to  relative 
wind  speed. 


At  1730  MDT,  the  storm  was  located  directly  over 
the  NHRE  mesonet  in  which  meteorological  parameters 
were  recorded  at  30  ground  stations.  Relative  to  the 
two  Doppler  radars, .the  storm's  location  was  40  km  east 
of  the  baseline  between  the  radars  which  were  positioned 
near  the  northwest  and  southwest  corners  of  the  NHRE 
protected  area.  The  separation  distance  of  the  two 
radars  was  50  km. 

Shown  in  Figs.  1,  2,  and  3  (top)  are  projections  of  the 
vector  wind  field  onto  three  orthogonal  planes  within 
the  storm.  Arrow  lengths  are  proportional  to  wind 
speed.  A  10  m/s  reference  arrow  is  shown  on  each  figure. 
The  mean  horizontal  echo  motion  of  3.9  m/s  toward  the 
east  has  been  removed  from  all  three  displays  in  order 
to  display  flow  relative  to  the  moving  storm.  Figure  1 
is  the  relative  flow  in  a  horizontal  plane  at  a  height  of 
6.4  km  above  ground  level  with  the  y-axis  directed 
north.  Figures  2  and  3  are  flow  patterns  in  vertical 
planes  along  the  dashed  axes  indicated  in  Fig.  1.  The 
xz  plane  of  Fig.  3  is  aligned  approximately  along  the 
inllow  direction. 


Thunderstorm 
X  =  5.4 


I0m/s 


6  12 

Y    km 

2.  Vertical  llow  in  vs  plane  at  ,r—  5.4  ki 
as  indicated  in  Fig.  1. 
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KiG.  i.  Top  Vertical  (low  in  xz  plane  at  v=  11.4  km  as  indicated 
in  Fi^.  I;  lioltom:  Schematic  representation  of  flow  pattern  in 
vertical  plane  corresponding  lo  top  figure. 


Despite  the  complexity  of  these  patterns  and  the  ob- 
vious three-dimensionality  of  the  flow,  Fig.  3  exhibits 
several  clearly  identifiable  features  such  as  the  back- 
ward sloping  updraft  overriding  a  precipitation-filled 
downdraft,  middle-level  intrusion  of  cold,  dry  air  into 
which  the  precipitation  can  fall,  and  a  well  defined  gust 
front.  The  schematic  representation  in  Fig.  3  (bottom) 
identifies  these  features. 

Several  characteristics  that  had  not  been  anticipated 
are  also  apparent.  For  example,  Fig.  1  shows  two 
distinct  counterrotating  vortices  aloft  which  are  aligned 
approximately  along  a  north-south  axis.  Other  horizon- 
tal planes  not  shown  indicate  that  three  high-vorticily 
regions  extend  vertically  through  a  significant  portion 
of  the  storm  and  are  separated  by  two  strong  sloping 
updraft  cores  in  the  middle  and  upper  levels. 

An  intensive  analysis  of  these  data  is  presently  under- 
way and  we  plan  to  soon  publish  comprehensive  quan- 
titative results. 


RKKKRENCK 

Miller,  L.  J.,  and  K.  G.  Slrauch,  1974:  A  dual-Doppler  radar 
method  for  the  determination  of  wind  velocities  within 
precipitating  weather  systems.  Remote  Sensing  of  Environ- 
ment, 3,  217-233. 


388 


Proceedings  16th  AMS  Radar  Meteorology  Conference,  121-127,  April  1975. 

THUNDERSTORM  FLOW  PATTERNS  IN  THREE  DIMENSIONS  FROM  DUAL-DOPPLER  RADAR 

R.  A.  Kropfli  and  L.  J.  Miller 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1.      INTRODUCTION 

It  has  been  widely  recognired  that  a 
comprehensive  understanding  of  severe  storms 
must  have  as  a  basis  the  interaction  of  micro- 
physical  and  dynamical  processes.  As  emphasized 
by  Mason  (I969),  "Progress  has  been  hindered  by 
a  poor  appreciation  of  interrelations  between 
the  air  motion  and  the  microphysical  events 
which,  acting  in  concert,  culminate  in  the 
release  of  precipitation."   laboratory  investiga- 
tions have  added  greatly  to  our  understanding 
of  the  microphysical  processes  involved  in  the 
formation  of  raindrons,  snevwflakes .  and  hail- 
stones. However,  these  investigations  usually 
have  been  performed  in  a  controlled  environment' 
of  uncertain  relevancy  to  the  real  atmosphere. 
In  addition,  numerical  calculations  of  micro- 
physical  processes  have  also  been  performed  and 
again  the  weakness  has  been  a  lack  of  knowledge 
of  the  environment  in  which  these  processes 
actually  take  place.   In  particular,  incomplete 
information  about  kinerrati~s.  for  example  the 
updraft  and  downdraft  profiles ,  has  been  a 
shortcoming. 

The  three-dimensional  wind  field  des- 
cribed here  for  a  hail  producing  storm  in  north- 
east Colorado  is  a  first  step  in  an  analysis 
plan  that  will  eventually  include  the  micro- 
physics.   As  of  this  time  we  have  computed  air 
parcel  trajectories  through  a  storm  velocity 
field  measured  with  the  NOAA/Wave  Propagation 
Laboratory  X-band  dual-Doppler  radar  system. 
These  trajectories  can  give  only  an  approximate 
picture  of  where  growing  precipitation  particles 
would  travel  within  the  storm.  A  terminal 
velocity  coirrDonent  that  varies  with  time  and 
space  will  eventually  be  included  in  the  tra- 
jectory calculations  to  give  more  realistic 
precipitation  and  cloud  particle  trajectories. 
This  study  is  being  purrued  jointly  with  the 
National  Hail  Research  Experiment  (NKRE)  since 
such  r,articl°  trajectories  clearly  have  implica- 
tions regarding  optimal  seeding  for  hail  sup- 
pression and/or  precipitation  enhancement. 

In  acquiring  the  data  we  have  utilized 
the  COPLAN  method  of  scanning  first  described 
by  Lhermitt.p  and  Miller  fl°70).      Further  dis- 
cussion of  the  data  acquisition  and  reduction 
procedures  used  here  is  given  by  Miller  and 
Strauch  (197*0  and  the  X-band  Doppler  radar 
characteristics  are  given  by  Miller  (1972). 

The  analvsic  prnrppt°d  here  is  for  the 
first  of  six  CCFIAT*  scn°  through  the  hail- 
storm of  23  .Tulv  1772  during  the  NHRE  in  north- 
east Colorado.   The  observations  were  made  at 
1730  MDT  'all  ti-es  are  riven  as  Mountain 


Daylight  Time)  while  the  storm  was  centered  over 
the  NHRE  mesonet  in  which  temperature,  pressure, 
humidity,  wind  speed  and  direction  were  measured 
and  hail  samples  were  collected.   Two  and  one- 
half  minutes  were  required  for  the  complete  dual- 
Doppler  scan  through  the  storm. 

It  should  be  pointed  out  that  there  are 
significant  differences  between  this  storm  and 
a  storm  observed  in  the  same  area  only  a  few 
days  later  as  reported  by  Miller  et  al.  (1975). 
These  differences  emphasize  the  pitfalls  en- 
countered in  generalizing  indiscriminately  from 
a  few  case  histories.   A  comparison  of  data  such 
as  these  should  lead  to  a  more  complete  under- 
standing of  environmental  conditions  which  ulti- 
mately produce  a  particular  kinematic  structure 
and  precipitation  distribution. 


2. 


STORM  ENVIRONMENT 


The  storm  of  28  July  1973  was  traveling 
slowly  toward  the  east  at  about  3  m/s  at  1730. 
Fig.  1  shows  the  environmental  winds  relative  to 
the  moving  storm.  Note  that  the  relative  winds 
are  directed  toward  the  origin.   This  hodograph 
represents  the  average  of  5  soundings  released 
at  1800  from  locations  a  few  tens  of  kilometers 
outside  of  the  NHRE  protected  area.  The  convec- 
tive  condensation  level  (CCL)  determined  from 
these  rawinsonde  releases  was  610  mb  or  U.l  km 
above  mean  sea  level  (MSL)  at  l800.   This  was 
unchanged  from  the  CCL  90  min  earlier. 


Mean  Wind  Hodograph 
Relative  to  Moving 
Storm  at  1800  MDT 


6  m/s 


Figure  1.  Mean  wind  hodograph  determined  from  5 
rawinsondes  at  1800  MDT.  A  3  m/sec  component 
toward  the  east  has  been  removed.   Heights  are  in 
km  above  MSL  and  velocities  are  toward  the  origin. 
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From  Fig.  1  it  can  be  seen  that  the  sub- 
cloud  winds  were  light  (<  3  m/s)  and  that  the 
winds  above  cloud  base  were  somewhat  stronger 
(~  10  m/s)  and  from  the  west.  Moderate  shear  of 
2xl0~3  sec-1  existed  from  just  above  cloud  base 
to  7  km  (MSL) .   The  interval  from  cloud  base  to 
lU  km  was  weakly  sheared  with  a  value  of  8xl0~4 
sec-1  being  indicated  in  Fig.  1. 

The  mixing  ratio  in  the  lower  half  of 
the  subcloud  layer  was  also  determined  from  the 
five  radiosonde  releases  at  1800  and  five  others 
at  about  1620.   It  was  found  that  the  subcloud 
mixing  ratio  was  nearly  time  invariant  and  con- 
stant over  the  area  at  a  value  of  6.2  g/Kg.   The 
temperature  excess  of  a  parcel  lifted  adiabat- 
ically  from  near  the  surface  to  the  CCL  and  then 
moist  adiabatically  to  500  mb  was  about  3°C  at 
this  time. 

Earlier  soundings  also  revealed  that  a 
layer  of  air  centered  at  the  5  km  (MSL)  level 
had  a  relatively  low  equivalent  potential  tem- 
perature of  less  than  326°K  compared  with  values 
greater  than  330°K  near  the  surface.   This  po- 
tentially cool  layer  aloft  contributed  to  storm 
development  this  day  and  its  movement  out  of  the 
area  after  1700  preceded  the  decay  of  the  storm 
by  1+5  min. 

3.      STORM  EVOLUTION 

The  storm  was  scanned  by  the  NHRE  10 
cm  radar  at  Grover,  Colorado,  from  near  1600 
until  storm  dissipation  at  about  l8lU.   Fig.  2 
shows  the  reflectivity  structure  at  15  min  inter- 
vals centered  at  the  time  of  the  N0AA/WPL  dual- 
Doppler  measurements,  i.e.,  1728.   These  data 
were  produced  from  I.90  elevation  angle  scans 
with  the  Grover  radar  and  represent  the  2.3  km 
(AGL)  level  through  the  storm.   The  contours 
shown  start  at  20  dBZ  and  increase  in  10  dB 
increments.   Portions  of  the  NHRE  protected 
area  and  the  area  of  Doppler  coverage  are  also 
shown  in  the  figure „ 

Fig.  2  shows  that  while  the  storm  was 
moving  eastward  from  1659  to  1730  it  was  diminish- 
ing in  size  though  not  in  intensity.   Values  of 
reflectivity  slightly  in  excess  of  50  dBZ  are 
indicated  by  both  the  10  cm  and  the  Doppler 
systems  at  1730.   From  1730  to  l8lU  the  storm 
continued  to  diminish  rapidly  in  area  and  also 
decreased  in  reflectivity.   The  Doppler  data 
therefore  represent  the  last  few  minutes  of  the 
storm's  mature  stage.   Other  Doppler  scans  not 
reported  here  were  taken  during  the  next  10  min 
and  show  rapid  decreases  in  the  updraft  speed 
and  reflectivity. 

k.  KINEMATICAL  DESCRIPTION 

A  series  of  horizontal  projections  of 
flow  relative  to  the  moving  storm  is  shown  in 
Fig.  3.   A3  m/s  component  to  the  east  has  been 
removed  from  the  display.   Below  the  flow  pat- 
terns are  shown  both  the  reflectivity  contours 
(solid  lines)  obtained  from  the  Doppler  systems 
and  updraft  contours  (dashed  lines).   Shaded 
areas  indicate  where  vertical  velocity  estimates 
were  made.  We  assume  that  the  vertical  velocity 
at  the  surface  is  zero  as  a  boundary  condition. 
The  attenuation  problem,  which  can  be  severe 


1 744:ii 


1759:27 


1814:32 


Figure  2.  Evolution  of  reflectivity  structure 
from  S-band  radar  at  Grover.   Lowest  contour  is 

20  dBZ.   Increments  are  10  dB. 


when  X-band  radar  is  used  to  observe  storms,  is 
reduced  by  the  use  of  the  larger  of  the  reflec- 
tivity estimates  from  the  two  Doppler  systems. 

In  some  regions  of  the  flow  patterns, 
the  velocity  component  normal  to  the  coplane ,  i.e., 
before  transformation  to  Cartesian  coordinates, 
could  not  be  estimated  because  of  missing  data 
in  lower  planes.   Thus  the  vertical  integration 
of  the  continuity  equation  could  not  be  performed 
to  that  level.   Since  the  coplane  angles  are  less 
than  15°  ,  this  normal  component  contributes  little 
to  the  horizontal  field.  Horizontal  projections 
for  which  this  normal  component  has  been  neglected 
in  Fig.  3  are  indicated  by  arrows  with  half  tips 
except  in  the  plane  at  the  surface .   Half -tipped 
arrows  in  the  surface  plane  indicate  that  no 
divergence  calculation  was  possible  at  those 
locations  because  of  data  missing  at  the  edge 
of  the  pattern. 

The  coordinate  system  used  in  Fig.  3 
has  its  origin  at  the  midpoint  of  the  baseline 
between  the  radars  and  since  the  baseline  is 
only  5.9°  away  from  north,  the  x  axis  is  approxi- 
mately eastward.  A  vector  representing  10  m/s 
is  displayed  in  the  figure. 
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The  most  apparent  feature  of  the  plane  at 
the  surface  in  Fig.  3  is  the  highly  divergent 
flow  pattern  coincident  with  the  high  reflec- 
tivity region.   A  peak  divergence  of  8x10  3 
sec  x  is  found  about  1  km  east  of  the  southern- 
most 1+0  dBZ  contour.   There  exists  a  similar 
correspondence  of  divergence  with  reflectivity 
for  the  1+0  d3Z  contour  to  the  north .   A  local 
maximum  of  UxlO  3  sec"1  is  found  less  than  1  km 
northeast  of  the  northern  1+0  dBZ  contour.   This 
correspondence  of  divergence  with  reflectivity 
is  expected  at  the  base  of  a  precipitation  in- 
duced downdraft. 

The  plane  at  z  =  3  km  clearly  shows  the 
inflowing  air  from  the  ESE  direction  on  the 
eastern  half  of  the  storm.   This  air  enters  the 
storm  from  the  east  as  the  lower  edge  of  the 
updraft  but  is  caught  in  the  precipitation. 
Consequently,  it  is  descending  at  about  1+  m/s 
in  the  center  of  the  storm  at  this  level.   It 
can  be  seen  that  the  inflowing  air  enters  the 
storm  from  the  east,  crossing  the  2k   dBZ  contour 
with  an  updraft  speed  of  about  3  m/s. 

At  6  km  the  inflow  air  is  somewhat  less 
apparent  in  the  flow  pattern  but  perhaps  more 
clearly  defined  in  the  vertical  velocity  con- 
tours. The  figure  shows  that  the  inflowing 
air  has  penetrated  the  eastern  two-thirds  of 
the  storm  at  this  level.   The  3  m/s  contour 
runs  from  the  xy  coordinate  (1+2,  17)  to  the 
position  (38,  6)  with  the  entire  region  to  the 
east  of  this  line  in  a  vigorous  updraft.   Several 
regions  of  high  vorticity  can  be  seen  in  the 
flow  pattern.   Vorticity  in  excess  of 
1+xlO   sec  1  extends  vertically  throughout  most 
of  the  depth  of  the  storm  and  does  not  tilt  with 
the  updraft.   An  explanation  of  the  cause  of  the 
northernmost  and  southernmost  vorticity  cores 
is  offered  below. 

Near  the  top  of  the  storm  at  z  =  9  km  a 
somewhat  more  symmetrical  flow  pattern  is  ob- 
served. A  divergence  pattern  near  the  northern 
portion  of  the  updraft  is  clearly  seen,  indicat- 
ing a  weakening  of  the  updraft.   A  peak  diver- 
gence value  of  5x10  3  sec  1  is  observed  here. 
Two  updraft  cores  in  excess  of  11  m/sec  oriented 
nearly  north  south  are  also  indicated  at  this 
level.   Also  revealed  in  this  plane  is  the 
relative  flow  out  into  the  anvil  within  the 
eastern  third  of  the  storm. 

A  column  of  cyclonic  vorticity  is  seen 
in  the  southern  portion  (right  flank)  of  the 
storm  from  below  cloud  base  (~  2  km  AGL)  to  the 
highest  level  of  the  Doppler  data,  10  km  AGL. 
The  peak  vorticity  observed  in  this  column  is 
l.OxlO-2  sec-1  at  1+  km  AGL.   To  the  north  (left 
flank)  is  a  corresponding  column  of  anticyclonic 
vorticity.   This  column  is  generally  weaker, 
having  a  peak  vorticity  of  .7x10  r  sec  1  between 
7  km  and  8  km,  and  it  extends  from  1+  km  AGL  to 
the  highest  observed  level  within  the  precipita- 
tion-filled volume. 

One  possible  explanation  for  these  cyclonic 
and  anticyclonic  vorticity  columns  is  the  sug- 
gestion that  the  storm  acts,  to  some  extent,  as 
an  obstacle  to  the  environmental  wind.   The 
result  is  cyclonic  curvature  on  the  right  of 
the  storm  and  anticyclonic  curvature  on  the  left 


when  the  environmental  wind  flows  past  the  storm 
from  behind  as  suggested  by  Newton  and  Newton 
(1959)-   Other  explanations,  including  vorticity 
production  by  the  tilting  term  in  the  vorticity 
equation,  are  presently  being  pursued. 

Vertical  cross  sections  of  the  flow 
patterns  in  the  x  and  y  directions  are  shown 
in  Figs.  1+  and  5  respectively.   The  xz  plane 
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Figure  h.      Vertical  (xz)  cross  section  of  relative 
flow  at  y  =  12.6  km  with  corresponding  schematic 
shown  below. 
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Figure  5.   Vertical  (yz)  cross  section  of  relative 
flow  at  x  =  1+0.2  km. 
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is  approximately  along  the  inflow  direction 
within  the  northern  updraft  core  and  shows 
excellent  correspondence  with  the  schematic 
representation  in  Fig.  Ub.  Fig.  5  is  a  vertical 
plane  along  the  north-south  direction  and  em- 
phasizes the  three  dimensionality  of  the  flow. 
It  also  displays  the  two  strong  updraft  cores 
in  the  upper  levels . 

Fig.  6  shows  the  surface  wind  relative 
to  the  moving  storm  measured  by  anemometers  in 
the  NE  portion  of  the  NHRE  mesonet  at  1730.   The 
anemometers  east  of  the  storm  show  significant 
surface  flow  away  from  the  storm  at  this  time. 
Several  minutes  earlier  the  relative  wind  at 
these  locations  was  light  (<  3  m/s)  and  variable. 
This  sudden  wind  increase  at  1730  is  the  gust 
front  preceding  the  echo  by  10-15  km  and  is  ac- 
companied by  a  rapid  decrease  in  equivalent  po- 
tential temperature,  ee ,  from  335°  at  1715  to  326? 
at  17*+ 5 •   The  1629  MDT  sounding  taken  at  Grover 
shows  that  air  with  9e  =  326?  was  found  at  the 
h   km  level  above  the  surface.   This  is  consistent 
with  Fig.  7  which  shows  air  forming  the  gust 
front  is  brought  down  from  near  h   km  (AGL). 

Air  parcel  trajectories  through  a  steady 
state  velocity  field  were  calculated  for  initial 
points  near  the  storm  edge.   Fig.  7  displays  a 
sampling  of  these  steady  state  trajectories  or 
streamlines  that  begin  at  the  k   km  level.  Wide 
arrows  simply  indicate  that  several  trajectories 
which  follow  approximately  the  same  path  are 
combined  and  that  a  larger  volume  of  air  is  in- 
volved in  the  flow.   The  indicated  times  specify 
the  amount  of  time  an  air  parcel  takes  in  follow- 
ing a  trajectory  until  it  exits  the  velocity 
field  near  the  arrow  tip.   The  25  dBZ  contour 
derived  from  the  Doppler  radars  is  indicated  by 
a  dashed  line  at  the  surface  and  at  the  h   km  level. 
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The  first  point  to  be  made  from  Fig.  7  is 
that  the  gust  front  on  the  storm's  right  forward 
flank  has  its  source  on  the  left  rear  flank  near 
the  1+  km  level.  Air  descends  anticyclonically 
from  the  left  rear  portion  of  the  storm  and  exits 
under  the  southern  portion  of  the  updraft  at  the 
surface.   Notice  that  the  northern  portion  of 
the  gust  front  has,  as  a  source,  air  starting 
from  the  left  forward  flank  that  becomes  entrained 
into  the  anticyclonic  downdraft.  This  portion  of 
the  gust  front  also  originates  from  the  left  rear 
flank  at  this  level.  Air  at  the  k   km  level  on  the 
right  rear  flank  descends  with  little  rotation  and 
exits  at  the  rear  and  about  .5  km  from  the  surface. 
Some  of  the  inflowing  air  that  starts  at  the  lower 
edge  of  the  updraft  becomes  entrained  in  the  down- 
draft  and  also  exits  near  the  surface  on  the  right 
rear  flank.  Air  starting  on  the  right  flank  and 
right  forward  flank  moves  upward  with  cyclonic 
curvature  and  exits  the  measured  velocity  field 
near  the  10  km  level.  Most  of  the  broad  sheet  of 
upward  moving  air  near  the  forward  central  edge 
of  the  storm  at  this  level  moves  directly  upshear 
with  little  rotation,  eventually  exiting  near  the 
x,  y,  z  coordinates  (Uo,  13,  10).  However,  the 
northern  portion  of  this  sheet  splits  off,  turns 
anticyclonically  and  exits  the  left  rear  flank  at 
the  upper  levels. 

Other  trajectories  which  begin  at  the  2 
km  and  6  km  levels  have  been  computed  but  are  not 
shown.  Most  trajectories  starting  near  the 
periphery  at  6  km  exit  the  top  levels  of  the 
storm  but  some  air  starting  near  the  point  (32, 
11,  6)  becomes  entrained  into  the  downdraft  and 
descends  to  the  3  km  level.   At  this  level  it 
splits  into  one  portion  that  is  carried  to  the 
10  km  level  by  the  updraft  and  another  portion 
that  continues  downward  and  becomes  part  of  the 
gust  front  near  the  southeast  edge  of  the  storm. 
All  parcels  starting  near  the  periphery  of  the 
velocity  field  at  the  2  km  level  (not  shown  here) 
are  carried  to  the  surface. 

It  should  be  noted  from  Fig.  7  that  dif- 
ferent air  parcels  starting  from  points  separated 
by  as  little  as  1  km  at  the  U  km  level  may  end  up 
on  opposite  sides  of  the  storm.  Thus  there  are 
regions  of  the  storm  in  which  the  trajectory 
followed  by  an  air  parcel  is  sensitive  to  its 
exact  starting  point.   Other  air  parcel  trajectory 
calculations  are  now  in  progress. 

5.      QUANTITATIVE  RESULTS 

In  addition  to  a  qualitative  description 
of  kinematic  structure  within  thunderstorms,  much 
quantitative  information  can  be  provided  by  a 
dual-Doppler  system.   Software  has  now  been 
developed  at  this  laboratory  to  compute  the  aver- 
age of  any  of  the  computed  data  fields  over  the 
updraft  or  downdraft  regions.   If  desired,  these 
averages  can  also  be  computed  over  an  area  in 
which  any  other  field  assumes  a  specified  range  of 
values.  The  amount  of  quantitative  information 
now  available  is  awesome.   Only  a  brief  sample  can 
be  presented  here. 


Figure  6.   Relative  winds  at  surface  from  NHRE 
mesonet  at  1730  MDT  with  superimposed  20  dBZ 
contour. 


Table  I  displays  mean  values  of  the  in- 
dicated parameters.   These  averages  represent 
nearly  6000  samples  over, a  2-1/2  min  period  within 
the  precipitating  volume  of  103  kmJ .  As  in  the 
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Figure  7.   Streamlines  starting  at  the  h   km  level.  Dashed  contours  indicate  the  25  dBZ  reflectiyity  level. 


patterns,  a  3  m/s  storm  motion  toward  the  east 

has  been  removed  before  all  calculations  were  made. 


the  strong  updraft  (>  5  m/s)  had  a  mean  of 
l.O^+xlO-3  sec-1  . 


The  small  mean  values  for  the  east  and 
north  components,  u  and  v,  respectively,  indicate 
that  the  echo  advection  speed  was  nearly  equal 
to  the  mean  Doppler-derived  speed  which  confirms 
that  the  flow  patterns  are  indeed  relative  to 
the  storm.  The  average  vertical  velocity  over 
the  storm  is  quite  large  and  is  heavily  weighted 
by  the  presence  of  the  strong  updraft  to  be  dis- 
cussed later.   Consistent  with  the  net  upward 
motion  in  the  storm  at  this  time  is  the  net  con- 
vergence in  Table  I.   COPIAN  scans  taken  only 
several  minutes  later  reveal  a  dramatic  reduc- 
tion in  the  updraft  core  and  the  mean  vertical 
motion  within  the  storm  is  downard  at  this  later 
time.   The  time  history  of  this  storm  will  be 
fully  discussed  in  a  later  paper. 

Although  vorticity  and  updraft  cores 
were  not  coincident,  vorticity  was  found  to 
be  positively  correlated  with  the 
updraft  velocity.  The  entire  downdraft  volume 
had  a  mean  vorticity  of  -.1+7x10  3  sec  1  ,  the 
entire  updraft  had  a  mean  of  .1+3x10  3  sec  *  and 


The  last  item  in  Table  I  is  the  mean 
kinetic  energy  measured  within  the  storm;  it 
is  probably  an  underestimate  because  it  includes 
only  the  precipitating  region.  As  we  have  seen 
in  Fig.  6,  there  are  significant  velocity  per- 
turbations as  far  ahead  of  the  precipitation  as 
15  km.  Nevertheless,  the  number  we  have  cal- 
culated is  not  in  serious  disagreement  with 
Sellers  (1972)  who  estimates  the  kinetic  energy 
of  an  "average"  summer  thunderstorm  to  be 
1.5X101"*  joules.   The  basis  for  his  estimate  is 
not  given. 

The  components  of  total  momentum  flux 
in  the  x  and  y  directions  were  also  computed. 
The  mean  vertical  flux  of  easterly  momentum 
(puw)  is  -17  dynes/cm2  and  the  flux  of  northerly 
momentum  (pvw)  is  18  dynes/cm2.   If  not  the  mag- 
nitudes, at  least  the  signs  on  these  quantities 
are  consistent  with  the  environmental  winds  of 
Fig.  1  in  which  the  wind  vectors  are  directed 
toward  the  origin.  Knowing  that  the  storm  is 
effective  in  the  vertical  exchange  of  air,  we 


TABLE  I 
Quantities  Averaged  over  Storm  Volume 


V  X  V 


KE 


.3  m/s   .2  m/s   1.2  m/s   -.lxio"3  sec"1    .02xl0-3  sec"1   3-0x10  3  j 


oules 
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expect  air  from  aloft  to  have  a  component  toward 
the  east-southeast  relative  to  the  lower  levels. 
This  would  explain  the  negative  correlation 
between  u  and  w  and  the  positive  correlation 
between  v  and  w. 

Fig.  8  illustrates  the  core  updraft 
cross  section  as  a  function  of  height  at  12.6 
km  north  of  the  radar  baseline  midpoint.   The 
flow  pattern  in  this  xz  plane  is  given  in  Fig. 
h.      The  upshear  tilt  of  the  updraft  can  be 
clearly  seen.   From  the  profiles  in  Fig.  8, 
the  locus  of  points  defining  the  centroid  of 
the  updraft  in  this  plane  is  tilted  about  25° 
from  the  vertical.  The  double  peaked  structure 
of  this  updraft  core  is  found  at  nearly  all 
levels  of  the  storm. 


-5 


/v  Updraft  Profiles 

/    V  \         at  y=  126  km 


36  36  40  42  44  46 

Distance  from    Baseline    (km) 

Figure  8.   Vertical  velocity  profiles  along 
y  =  12.6  km  for  various  heights  above  ground. 


Updraft  profiles  were  also  determined 
in  the  southern  updraft  core  at  y  -  6.6  km. 
These  profiles  (not  shown)  show  a  similar  tilt 
of  the  updraft  in  the  shear  direction  up  to  at 
least  10  km;  however,  the  eastern  portion  of 
the  updraft  core  is  not  observed  because  of 
attenuation  suffered  by  the  northern  Doppler 
radar . 

6.      SUMMARY 

The  NOAA/WPL  dual-Doppler  radar  system 
has  been  used  to  determine  the  kinematic 
structure  of  a  hailstorm  in  a  weakly  sheared 
environment  during  the  late-mature  stage.   Two 
nearly  parallel  updraft  cores  were  observed  to 
be  tilted  upshear  about  2y    from  the  vertical. 
Located  near  the  right  and  left  flanks  of  the 
storm  were  columns  of  positive  and  negative 
vorticity  respectively.  A  plausible  explana- 
tion for  these  vortex  columns  is  that  the  mass 
of  air  within  the  storm  acts,  to  some  extent, 


as  an  obstacle  to  the  environmental  air  flowing 
around  the  storm. 

Three-dimensional  streamlines  were  cal- 
culated for  air  parcels  starting  at  different 
points  around  the  storm  periphery  at  the  k   km 
level.  The  source  of  inflow  air  was  near  the 
surface  and  up  to  15  km  ahead  of  the  right  for- 
ward flank  of  the  precipitation.   The  kinetic 
energy  and  vertical  flux  of  momentum  were  also 
determined  for  the  entire  storm.   Finally,  a 
positive  correlation  was  found  to  exist  between 
the  updraft  speed  and  vorticity  when  averaged 
over  the  entire  storm. 
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DUAL  DOPPLER  RADAR  MEASUREMENTS  WITHIN  A 
HAIL  PRODUCING  STORM  IN  NORTHEAST  COLORADO 

R.  A.  Kropfli  and  L.  J.  Miller 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1. 


INTRODUCTION 


The  success  of  any  cloud  seeding  program  de- 
pends critically  upon  knowledge  of  winds  within 
the  storm,  particularly  the  storm  updraft  and 
downdraft  structure.   Since  storms  of  primary 
interest  (the  hail  and  tornado  producers)  are  ex- 
tremely violent,  it  is  usually  difficult  if  not 
impossible  to  penetrate  these  storms  with  aircraft 
to  the  extent  that  wind  fields  can  be  determined. 
Single  Doppler  radar  measurements  require  assump- 
tions about  the  stationarity  of  the  storm  over 
several  tens  of  minutes. 

The  dual  Doppler  radar  technique  that  provided 
the  data  described  here  yields  the  three- 
dimensional  wind  field  within  a  storm  and  requires 
that  the  wind  field  pattern  remain  unchanged  for 
less  than  2  min  while  the  storm  is  being  scanned. 

The  observations  were  taken  with  the  NOAA/WPL 
dual  X-band  Doppler  radar  system  during  the 
National  Hail  Research  Experiment  (NHRE)  in 
Northeast  Colorado  on  9  July  1973.   Two  complete 
scans  of  the  forward  half  of  a  hailstorm  complex 
were  taken  3  min  apart.   During  this  time  the 
storm  was  spawning  two  cells  along  its  forward 
edge,  one  of  which  eventually  grew  to  a  reflec- 
tivity value  in  excess  of  50  dBz.  These  two  cells 
were  probed  in  detail  by  other  NHRE  participants, 
using  aircraft. 

It  is  noteworthy  that  the  data  presented  here 
exhibit  a  great  deal  of  consistency,  both  inter- 
nally and  with  other  independent  observations. 
For  example,  the  flow  relative  to  the  storm  agrees 
with  the  meso-network  of  anemometers,   updraft 
velocities  feeding  the  main  cell  at  1625  MDT  agree 
to  within  a  few  meters/sec  with  aircraft  obser- 
vations in  the  vicinity.   Updrafts  and  downdrafts 
are  found  to  occur  in  expected  locations.   And 
finally,  the  two  completely  independent  sets  of 
dual  Doppler  data  taken  about  3  min  apart  reveal 
essentially  the  same  velocity  and  reflectivity 
structure,  merely  translated  in  position. 

2.   THE  COP LANE  METHOD  OF  SCANNING 

The  coplane  method  for  coordinated  scanning 
with  two  Doppler  radars  is  fully  described  by 
Miller  and  Strauch  (1974).   Only  a  quick  over- 
view is  presented  here  for  completeness.   Fig.  1, 
taken  from  the  reference,  indicates  the  scanning 
geometry.   Two  radars  are  synchronized  to  scan 
the  same  plane  simultaneously  and  then  move  up  to 
the  next  plane  until  the  entire  precipitating 
region  is  probed.   Common  planes  are  tilted  with 
respect  to  the  horizon  and  intersect  the  hori- 


zontal plane  along  a  line  joining  the  two  radars. 


Figure  1.   Coplane  geometry 

Doppler  spectra  computed  by  the  Fast  Fourier 
Transform  provide  estimates  of  the  mean  radial 
velocity  for  each  radar,  and  these  radial  veloc- 
ities are  vectorially  combined  to  yield  the  two- 
dimensional  velocity  field  for  each  plane.  To 
obtain  the  component  normal  to  each  plane,  the 
continuity  equation  for  incompressible  fluids  is 
integrated  in  a  cylindrical  coordinate  system 
with  the  axis  along  the  radar  baseline.   A 
boundary  condition  that  vertical  velocity 
vanishes  in  the  0  coplane  is  assumed.   Finally, 
an  interpolation  procedure  is  used  to  transform 
wind  fields  to  a  Cartesian  coordinate  system. 
This  interpolation  program  provides  plots  of 
velocity,  divergence,  vorticity,  and  reflectivity, 
samples  of  which  are  provided  below  for  the  9 
July  hailstorm. 

3.   ENVIRONMENTAL  CONDITIONS 

Radiosondes  released  from  five  nearby  loca- 
tions at  1554  MDT  and  1725  MDT  were  used  to  de- 
fine the  environment  in  which  the  storm  was 
propagating.  Three  of  the  release  points  are 
indicated  in  Fig.  2  while  the  two  others,  Sidney 
and  Sterling,  are  just  off  the  figure  to  the 
east  and  southeast,  respectively.  The  dual 
Doppler  observations  were  taken  near  1625  MDT. 
Table  .1  indicates  the  average  mixing  ratio  up  to 
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Figure  3.  Environmental  wind  direction  showing 
mean  and  extreme  values  for  soundings  at  1600 
MDT. 


Figure  2.   Evolution  of  storm  echo  from  1623:56 
to  1736:03  with  superimposed  coplane  coverage 
at  1623:10. 


cloud  base  (y   630  mb)  computed  from  these  sound- 
ings. A  gradual  influx  of  moisture  into  the 
region  is  noted  from  the  table  in  all  the  sound- 
ings except  for  Kimball.  The  decrease  noted 
there  was  the  result  of  the  storm  passage  over 
that  station  with  the  removal  of  moisture  in  the 
form  of  precipitation.   Note  that  the  Grover 
station,  the  farthest  to  the  west,  remained  dry 
during  this  period. 

Table  I 
Average  mixing  ratio  (g/Kg)  up  to  cloud  base 


1554 

MDT 

1725 

MDT 

Average 

Kimball 

9.3 

8.2 

8.7 

Sidney 

8.1 

9.7 

8.9 

Sterling 

6.9* 

9.3 

8.1 

Ft .  Morgan 

9.4 

9.9 

9.6 

Grover 

5.5 

6.0 

5.7 
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Figure  4.      Environmental  wind  speed  showing  mean 
and  extreme  values   for  sdundings   at   1600  MDT. 


278 
397 


10000 


5a 


10000 
8000 
6000 
4000 
2000 
0 
-2000 


~ I — ! 1 — I 1 — I — I 1 — I 1 — I 

___  Height  =  Om  (AGL) 

~  3— 27     Reflectivity 
20~N  Contours  (DBZ) 


16000 


-8000 


20000 


24000 


8000 


12000 


16000 


20000 


24000 


-8000 


5b 


8000 

6000 

4000 

2000 
0 
-2000 
-4000 
-6000  (- 
-8000 


Reflectivity  ??-^34    Height  =  lOOOm  (AGL) 
-  Contours     ' 


(DBZ) 


Updraf t  >0  5  m/s  £ 

DowndraftiOSm/S'l!'1" 

J l 1 I I     i     i     i      i     i 


8000 


12000 


16000 


20000 


24000 


8000 


12000 


16000 


20000 


24000 


12000 


6000 


4000 


2000 


-2000 


-4000 


-6000 


1-ZOOO  meters 


5c 


8000 


12000 


16000 


20000 


24000 


12000 

10000 

8000 

6000 

4000 

2000 

0, 

•2000 

-4000 

-6000 


Height  =  2000  m  (AGL) 
Reflectivity 
Contours  (DBZ 


Updraft?05m/s 
Downdrafte05m/V 


J 


8000      12000     16000     20000     24000 
Figure  5.   Horizontal  (vector)  wind  field  relative  to  storm,  reflectivity  and  vertical  velocity  structures 
at  the  surface,  1  km  and  2  km  for  coplane  scan  beginning  at  1623:10.   Ordinate  and  abscissa  are  labeled 
in  meters  with  the  origin  at  the  midpoint  of  radar  baseline. 
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Figure  6.   Horizontal  (vector)  wind  field  relative  to  storm,  reflectivity  and  vertical  velocity  structures 
at  the  surface,  1  km  and  2  km  for  coplane  scan  beginning  at  1623:10.   Ordinate  and  abscissa  are  labeled 
in  meters  with  the  origin  at  the  midpoint  of  radar  baseline. 


4.   WIND  AND  REFLECTIVITY  STRUCTURE  OF  THE  9 
JULY  HAILSTORM 

Observations  of  the  storm  by  the  Grover  radar 
at  1609  MDT  revealed  a  weakly  reflecting  system 
('v  35  dBz)  near  the  northwest  corner  of  the  NHRE 
protected  area.   Fig.  2  shows  its  structure  later 
at  1623:56,  the  time  of  the  first  dual  Doppler 
radar  observations,  and  again  at  1736:03.   As 
indicated  in  the  figure,  the  two  cells  near  the 
forward  sector  of  the  system  grew  from  20  dBz 
minicells  into  two  major  systems.  These  two  cells 
were  probed  by  other  NHRE  participants  and  the 
western  cell  was  observed  by  the  A  Doppler  radar 
pointed  vertically  at  1725.   Results  of  these 
later  observations  are  reported  elsewhere. 

Also  shown  in  the  figure  is  the  coplane  scan- 
ning area.   The  scanned  area  covers  the  region 
of  low  level  inflow  into  the  intense  cell  to  the 
north.   Two  complete  coplane  scans  were  performed 
within  the  indicated  region,  the  first  of  which 
was  begun  at  1623:10  and  the  second  at  1625:52. 

Figs.  5a  through  5c  show  horizontal  fields  of 
reflectivity,  vertical  velocity,  and  the  hori- 
zontal wind  field  at  kilometer  intervals  from  the 
surface  to  2  km  obtained  from  the  first  coplane 
scan.   Basic  features  of  this  scan  were  repro- 
duced by  the  second  coplane  scan  as  can  be  seen 
by  comparing  the  surface  fields  of  Fig.  6  with 
Fig.  5a.   Other  heights  show  similar  agreement. 


The  echo 
motion  of  10  m/s  to  the  south  has  been  removed 
from  the  velocity  field  so  that  the  vectors 
represent  flow  relative  to  the  storm.  The  Car- 
tesian coordinate  system  used  here  has  its  origin 
at  the  midpoint  of  the  baseline  between  the 
radars  and  the  y  axis  is  oriented  nearly  north- 
south. 


Several  features  are  immediately  apparent 
from  these  figures.   In  Figs.  5b  and  5c,  the 
central  downdraft  is  coincident  with  the  area  of 
relatively  high  precipitation  (^  40  dBz)  which  is 
forcing  the  downdraft  by  evaporative  cooling. 
Similarly,  along  the  upper  right  corner  of  these 
figures  is  a  region  of  higher  reflectivity  which 
again  is  coincident  with  a  downdraft.   In  contrast 
to  this,  the  very  northernmost  portion  shows 
reflectivities  »  40  dBz  within  the  strongest  ob- 
served updraft.   This  is  the  updraft  feeding  the 
most  intense  cell  existing  at  this  time  and  the 
updraft  penetrates  into  the  region  of  high  reflec- 
tivity gradient  but  probably  not  into  the  peak  re- 
flectivity just  north  of  the  Doppler  coverage 
shown  in  Fig.  2. 

Figs.  5  show  that  the  flow  relative  to  the 
storm  below  cloud  base  (y   2200  m  AGL)  was  from  the 
SE  in  close  agreement  with  the  anemometer  meso- 
network .   This  relative  inflow  from  the  SE  was  the 
source  of  moist  unstable  air  for  the  most  intense 
cell  to  the  north  and  the  effect  of  the  central 
downdraft  on  this  inflow  is  apparent  in  the  vector 
fields  of  Figs.  5a  and  6.   The  downdraft  impedes 
the  inflow  as  would  a  solid  object  and  the  inflow 
is  diverted  to  either  side.   This  diversion  is 
caused  by  downward  momentum  transport  from  aloft. 

The  reduction  of  the  inflow  by  this  downdraft 
is  the  probable  cause  for  the  decay  of  the  most 
active  cell  at  this  time.   Also,  the  spreading 
out  of  this  descending  air  near  the  surface  most 
probably  initiated  the  lifting  of  moist  unstable 
air  out  in  front  of  the  complex,  as  is  indicated 
by  the  new  growth  there. 

Fig.  7  shows  the  vertical  velocity  profile  of 
the  main  updraft  region  in  the  northern  portion  of 
the  Doppler  scan.  The  entire  updraft  was  not  ob- 
served here  and  these  data  represent  only  values 


280 


399 


of  vertical  velocity  observed  along  the  eastern 
portion  of  the  updraft.   These  values  of  verti- 
cal velocity  are  consistent  with  aircraft  ob- 
servations in  the  vicinity  and  with  the  second 
set  of  Doppler  observations. 
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Fig.  7.  Vertical  velocity  profile  of  the 
eastern  edge  of  the  main  updraft  determined  from 
first  cop  lane  scan. 
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Fig.  8.   Wind  field  projection  onto  plane  perpen- 
dicular to  inflow  with  superimposed  34  dBz  reflec- 
tivity contour. 
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Fig.  9.   Browning  and  Ludlam's  model  of  hail-cloud 
circulation  from  Fujita  (1963). 


An  interesting  feature  of  the  observed  flow  is 
revealed  in  Fig.  8  in  which  a  region  of  reflec- 
tivity >  34  dBz  within  the  central  downdraft  of 
Figs.  Sb  and  5c  is  superimposed  over  the  flow 
pattern  in  a  vertical  plane  orthogonal  to  the 
inflow  direction.  This  plane  is  oriented  along 
an  azimuth  of  39  .   A  significant  horizontal 
component  of  vorticity  along  the  inflow  direction 
is  produced  by  the  precipitation.   A  similar 
vortex  is  partly  displayed  along  the  right  of 
this  figure.  This  second  high  vorticity  region 
is  a  consequence  of  the  main  cell  just  off  to 
the  north  of  the  Doppler  coverage,  the  edge  of 
which  just  appears  as  the  broken  34  dBz  contour 
on  the  right.  A  portion  of  the  main  updraft 
feeding  this  cell  is  indicated  by  the  upward 
sloping  arrows  on  the  right  at  a  height  of  4.5 
km. 
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Fig.  10.   Wind  field  projection  onto  plane 
parallel  to  inflow  from  the  right. 
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A  comparison  of  Figs.  9  and  10  reveals  a  high 
degree  of  similarity  between  the  Browning-Ludlam 
hail-cloud  circulation  model  taken  from  Fujita 
(1963)  and  the  relatively  weakly  reflecting  cell 
in  the  central  portion  of  Fig.  5.  The  flow 
pattern  in  Fig.  10  is  a  vertical  slice  along  the 
inflow  direction,  i.e.,  at  right  angles  to  the 
plane  used  in  Fig.  8.   The  similarity,  except 
for  scale,  is  surprising  in  view  of  the  appli- 
cability of  the  Browning-Ludlam  model  to  severe 
hail  producing  cells  in  contrast  to  the  cell 
illustrated  in  Fig.  8  which  is  a  less  intense 
portion  of  a  more  severe  storm  complex.   Fig.  10 
shows  that  the  cell  is  tilted  in  the  direction 
of  inflow. 


5.   SUMMARY 

Many  interesting  features  of  a  hail  producing 
storm  have  been  revealed  by  two  Doppler  radars 
operating  in  the  coplane  mode.   A  precipitation 
induced  downdraft  near  the  leading  edge  of  the 
storm  complex  was  seen  to  have  an  active  role  in 
the  evolution  of  the  storm,  not  only  by  impeding 
the  inflow  to  the  main  cell  and  causing  its  decay, 
but  also  by  contributing  to  the  new  growth  along 
the  leading  edge  of  the  complex  that  eventually 
became  the  most  active  and  persistent  cells  of  the 
day.   A  portion  of  the  main  updraft  was  observed 
to  penetrate  into  a  region  of  high  reflectivity 
gradient.  The  measurements  were  confirmed  by  a 
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second  coplane  scan,  by  a  surface  network  of 
anemometers  and  by  aircraft  observations. 
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INTRODUCTION 


This  paper  describes  the  boundary  layer 
experiment  conducted  by  the  Wave  Propagation  Lab- 
oratory at  Haswell,  Colorado,  during  the  period 
August  1  to  August  15,  1972. 

From  the  outset,  the  purpose  of  the  exper- 
iment was  two- fold:   (a)  to  test,  evaluate  and 
compare  a  wide  range  of  remote  sensing  instrumen- 
tation, in  a  well-instrumented  meteorological 
environment,  and  (b)  to  utilize  the  unique  com-' 
bination  of  remote  sensing  and  in  situ  instrumen- 
tation to  study  the  structure  and  processes  of 
the  atmospheric  boundary  layer  during  both  stable 
and  unstable  conditions,  and  also  during  the 
transition  between  stable  and  unstable  regimes. 
As  such,  it  was  the  largest  and  most  complex  of 
the  series  of  WPL  field  experiments  conducted 
since  1969. 

The  Haswell  site  was  selected  for  the 
experiment  because  of  (a)  valuable  previous 
experience  in  using  the  site,  (b)  the  500  ft. 
high  meteorological  tower  at  the  site,  and  (c) 
because  of  the  simple  terrain.   The  site  is 
located  approximately  100  miles  east  of  the 
Rockies  in  a  wide  shallow  bowl,  some  70  meters 

TABLE    1.      WPL   1972    H.if.l-'hl.L    CXPIIRIML'NT      INSTP 


deep  and  20-30  km  across,  with  the  immediate 
terrain  around  the  site  very  flat  and  sparsely 
covered  with  clumps  of  buffalo  grass  (~15  cm  in 
height).   The  Haswell  area  has  a  typical  high- 
plains  meteorological  regime,  with  strong  radia- 
tive cooling  at  night  and  strong  solar  heating 
and  convective  activity  during  the  day. 

2.     THE  OBSERVATIONAL  SYSTEM 

The  unique  combination  of  instrumentation 
assembled  at  the  site  is  listed  in  Table  1.   The 
meteorological  tower  was  instrumented  at  five 
fixed  levels  (100  ft.,  200  ft.,  300  ft.,  400  ft., 
and  500  ft.) with  thermistors  and  with  fast  re- 
sponse bivane  anemometers  giving  wind  speed,  ele- 
vation angle  and  azimuth  angle.   The  top  100  ft. 
of  the  tower  also  included  a  closely  spaced  array 
of  anemometers  which  measured  horizontal  wind 
speed  and  azimuth  angle,  at  425  ft.,  450  ft.,  and 
475  ft.   The  microwave  radio-frequency  refractive 
index  of  the  ambient  air  was  measured  using  micro- 
wave ref Tactometers  at  the  200  ft.  and  300  ft. 
levels.   In  addition,  an  instrumentated  carriage 
which  moved  up  the  exterior  of  the  tower  carried 
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sensors  for  three-dimensional  wind,  temperature, 
radio  frequency  refractive  index  and  the  structure 
constants  of  radio  refractive  indey,  wind  velocity 
and  temperature.   The  300  ft.  level  also  carried 
sensors  for  the  structure  constant  of  temperature. 
Microphones  at  the  base  of  the  tower  and  at  the 
100  ft.  and  500  ft.  levels  were  used  to  sense 
pressure  fluctuations,  such  as  those  associated 
with  gravity  waves.   In  all,  the  meteorological 
tower  supplied  A3  channels  of  in  situ  data, 
designed  to  give  profiles  of  standard  meteorolo- 
gical parameters  and  also  of  the  small  scale 
structure  constants  of  temperature,  velocity  and 
humidity  important  to  the  scatter  of  acoustic  and 
radio  waves. 

Meteorological  information  at  heights 
above  the  tower  were  obtained  by  standard  GMD 
radiosonde  releases  once  per  six  hours  from  the 
site.   In  addition,  the  NCAR  Buffalo  aircraft  was 
used  to  define  the  horizontal  properties  of  the 
atmosphere  at  various  heights. 

A  network  of  eight  100  foot  towers  was 
set-up  by  the  Air  Resources  Laboratory  Field  Re- 
search Office,  Idaho  Falls.   These  towers  were 
placed  in  a  diamond  grid  within  a  square  80  km  on 
a  side,  and  centered  on  the  500  foot  high  Haswell 
tower.   An  aerovane  at  the  50  foot  level  provided 
nearly  continuous  wind  speed  and  direction  from 
May  until  September. 

Constant  volume  balloon  (tetroon)  flights 
were  made  during  a  3  week  period  in  August.   The 
tetroons  were  released  in  pairs  from  the  same  site 
with  a  time  interval  between  release  of  about  1 
minute.   The  39  pairs  of  tetroons  were  set  to 
float  at  a  height  of  500  feet,  and  were  released 
generally  between  A  a.m.  and  noon.   Each  tetroon 
was  located  at  1-second  intervals  by  an  M-33 
radar.   The  purpose  was  to  detect  the  presence  of 
gravity  waves  and,  from  the  paired  release,  an 
estimate  of  gravity  wave  speed. 

The  above  array  of  in  situ  instrumentation 
provided  a  well-monitored  environment  in  which  to 
test  and  evaluate  a  unique  set  of  WPL  remote  sen- 
sing instruments.   These  included  an  array  of 
three  acoustic  echo  sounders,  located  at  the  cor- 
ners of  a  triangle  of  roughly  300  meters  on  a 
side.   These  sounders  were  directed  vertically 
and  used  in  the  monostatic  mode  to  measure  pro- 
files of  vertical  velocity  and  Cf  (the  structure 
constant  of  temperature) , or  were  operated  in  an 
off-vertical  configuration  to  obtain  Doppler  wind 
profiles  according  to  five  alternate  operational 
plans  aimed  at  acquiring  data  on  thermal  plumes, 
gravity  waves  and  high  plains  convective  storms. 
Leakage  of  acoustic  energy  between  the  different 
sounders  permitted  the  measurement  of  vorticity 
over  the  triangle.   In  addition,  Cy  (the  structure 
constant  of  Velocity)  was  measured  utilizing  the 
differences  in  Doppler-derived  vertical  velocity 
as  a  function  of  separation  of  range  gates,  and 
from  measurements  of  the  echo  strength  measured 
on  bistatic  systems. 

A  triangular  array  of  horizontal  laser 
beams  was  used  to  enclose  an  equilateral  triangle 
of  side  300  meters;  this  array  was  used  to  pro- 
vide triply-redundant  measurements  of  space- 
averaged  wind  speed  and  direction  and  (more  im- 
portant) of  the  horizontal  convergence  and  diver- 
gence of  air  into  the  triangle,  at  a  height  of 
2.3  meters  above  the  ground.   A  total  of  seven 
microphones  (plus  the  two  on  the  tower)  were  used 
to  monitor  the  pressure  fluctuations  around  the 
site,  in  a  close-spaced  array  of  roughly  200 
meters  on  a  side  and  a  wide-spaced  array  of  about 
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wave  radiometer,  tuned 
at  about  5  mm  wavelengt 
temperature  profile  in 
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RESULTS 


As  indicated  above,  one  of  the  main  pur- 
poses of  the  experiment  was  to  test  and  evaluate 
the  performance  of  several  new  remote  sensing 
concepts.   We  turn  now  to  a  brief  description  of 
four  of  the  most  significant  technological 
experiments. 

3. 1   Quantitative  Check  of  Acoustic  Scatter 
Theory 

Acoustic  scatter  theory  shows  that  the 
scattered  power,  per  unit  volume,  per  unit 
incident  flux,  per  unit  solid  angle  for  a  plane 
acoustic  wave  scattered  from  a  Kolmogorov  spectrum 
of  turbulent  temperature  eddies  is  given  by 
O  (t))  =  0.0039  CT2/T2  where  CT  is  the  structure 
constant  defining  the  strength  of  the  small  scale 
temperature  eddies  and  T  is  the  mean  temperature 
of  atmospheric  scattering  volume.   It  is  obvious- 
ly important  to  check  the  validity  of  this  theory 
since  a  (9)  is  clearly  a  fundamental  parameter 
essential  to  the  design  of  acoustic  echo-sounding 
systems . 

A  careful  quantitive  test  of  this  scatter- 
ing theory  was  performed  by  Mr.  W.  D.  Neff,  by 
comparing  the  C^  measurements  made  on  the 
meteorological  tower  with  those  derived  from 
measurements  of  the  acoustic  echo  strength  at  the 
same  height  in  the  vicinity  of  the  tower.   The 
acoustic  sounding  systems  were  calibrated  at 
several  frequencies  against  a  standard  corner 
reflector  target  mounted  for  the  purpose  on  the 
tower  instrumentation  carriage.   The  Cj   measure- 
ments were  obtained  by  recording  the  rms  differ- 
ence in  air  temperature  at  two  points  spaced 
20  cm  apart  vertically,  using  very  high  speed 
metal  filaments  (Lawrence  et  al.,  1970).   Typical 
results  obtained  under  convective  conditions  are 
shown  in  Figure  1,  which  compares  the  distribu- 
tions of  Cj  measured  on  the  tower  at  92  m  height 
and  by  two  of  the  sounders.   The  agreement  is 
obviously  very  good,  the  median  Cj   values  observed 
typically  agreeing  to  within  the  experimental 
error  of  about  2  decibels.   This  must  be  regarded 
as  a  very  satisfactory  confirmation  of  the  acous- 
tic scatter  theory  under  conditions  when  the 
Kolmogorov  theory,  which  assumes  the  presence  of 
isotropic,  homogeneous  turbulence,  is  likely  to 
be  applicable.   The  results  obtained  under  stable 
conditions,  when  the  atmosphere  is  likely  to  show 
strong  horizontal  stratification,  are  less  con- 
clusive.  Earlier  results  had  indicated  that  on 
occasion  the  echo  strengths  observed  under  stable 
situations  exceeded  those  predicted  from  the 
tower  measurements  by  several  decibels.   However, 
under  these  conditions  it  is  difficult  to  be  sure 
that  the  Cj  measurements  on  the  tower  are  really 
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CUMULATIVE  PROBABILITY  DISTRIBUTION 

1240-1410,  15  AUGUST  1972  (2700  DATA  POINTS)  (92m) 


except  under  conditions  of  low  and  varying  wind 
speeds  when,  as  might  be  expected,  correlation 
between  the  wind  speeds  measured  at  the  three 
corners  of  the  triangle  decreased. 

Of  particular  technological  importance  is 
the  demonstrated  ability  of  the  laser  beam  array 
to  measure  the  divergence  or  convergence  of  air 
into  the  enclosed  triangle.   Figure  2  is  typical 
of  the  recordings  of  divergence  under  convective 
and  stable  regimes. 
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Fig  2     Daytime    (top)   and  night-time    (bottom) 
records  of  convergence  of  air  as  measured  by   the 
laser-beam  triangle. 
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Fia.    1     Cumulative  probability  distributions  of 
Cm    at  92  m  height  observed  during  convective 
conditions  by   two  acoustic  sounders  and  the   tower 
instrumentation. 

representative  of  the  much  larger  volumes 
interrogated  by  the  acoustic  sounder.   The  Haswell 
1972  data  indicates  that  much  of  this  discrepancy 
disappears  when  shorter  acoustic  pulses  (and 
therefore  smaller  interrogation  volumes)  are  used. 
This  improved  agreement  suggests  that  the -$- size 
(—15  cm)  temperature  eddies  are  quasi-isotropic 
even  under  stable  conditions,  a  result  which  is 
supported  by  the  observed  absence  of  any  signifi- 
cant aspect-sensitivity  of  the  frequently  observ- 
ed thin  echoing  layers. 

Thus  the  experiment  demonstrated  that  the 
existing  acoustic  scatter  theory  gives  accurate 
estimates  of  scattered  power  under  unstable 
atmospheric  conditions,  and  is  probably  also 
applicable  under  stable  conditions. 


3.2 


Measurements  of  Space-Averaged  Wind 
Velocity  and  Divergence 


Earlier  work  with  a  single  laser  beam 
had  shown  the  optical  scintillations  introduced 
by  the  atmosphere  could  be  used  to  measure  the 
average  wind  speed  across  the  beam  (Lawrence  et 
al.,  1972).   At  the  Haswell  1972  experiment,  the 
technique  was  extended  to  provide  space-averaged 
values  of  mean  wind  speed  and  direction,  and  of 
convergence  and  divergence.   The  results  of  this 
work  using  a  triangular  configuration  of  laser 
beams,  have  already  been  published  (Kjelaas  and 
Ochs,  1974).   Since  only  two  paths  at  different 
angles  are  required  to  provide  space-averaged 
wind  speed  and  directions,  the  triangular  array 
provided  triply  redundant  values  of  the  air 
velocity.   Excellent  agreement  was  obtained, 


3. 3  Acoustic  Measurement  of  Vorticity 

The  availability  of  three  acoustic  echo 
sounders  in  a  triangular  array  approximately 
300  meters  on  a  side  provided  a  unique  oppor- 
tunity to  measure  the  vertical  component  of 
atmospheric  vorticity,  using  the  circulation 
theorem  (Gaynor  et  al. ,  1975).   The  three  acoustic 
sounders  were  synchronized  but  operated  on  differ- 
ent frequencies;  by  measuring  the  time  of  arrival 
at  each  sounder  of  the  leakage  pulse  from  the 
other  two  sounders  the  "ring-around"  time  of 
acoustic  energy  in  each  direction  around  the  tri- 
angle could  be  determined.   The  difference  in  the 
"ring-around"  time  in  the  two  directions  is  a  dir- 
ect measure  of  the  circulation  of  the  air,  and  by 
dividing  by  the  area  of  the  triangle  gives  the 
vorticity.   As  an  example  of  the  results  of  this 
new  technique,  Figure  3  gives  the  specfal  density 
of  the  acoustically  measured  vorticity  some  2 
meters  above  the  surface  of  the  earth. 

3.4  Measurement  of  the  Three-Dimensional 
Velocity  Field  Using  Chaff 

The  use  of  two  microwave  Doppler  radars  to 
measure  the  three-dimensional  atmospheric  velocity 
field,  using  precipitation  as  the  tracer  of  atmos- 
pheric motions,  has  already  been  described  (Miller 
and  Strauch,  in  press).   These  studies  had  hither- 
to been  limited  to  regions  of  precipitation,  and 
it  was  therefore  decided  that  tests  would  be  made 
during  the  1972  Haswell  experiment  of  the  feasi- 
bility of  using  chaff  (thin,  artificial,  metal 
coated  fibers,  cut  to  A/2  in  length)  as  tracers  of 
the  atmospheric  motions  in  clear  air. 

These  tests  were  highly  successful  under 
convective  conditions.   A  small  aircraft  was  used 
to  dispense  the  chaff  at  an  altitude  of  about  1 
km.   Typically,  a  series  of  25  shotgun  shells 
loaded  with  chaff  were  fired  over  a  5  km  by  5  km 
area,  and  were  allowed  to  disperse  for  about  20 
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Fig.    3     Spectral  density  of  the  vertical  com- 
ponent of  vorticity ,   measured  acoustically 
during  convective  conditions. 

minutes  prior  to  recording  the  radar  data.   Fig- 
ure 4  is  an  example  of  the  resultant  data,  and 
dramatically  demonstrates  the  divergence  of  air 
in  a  plane  100  meters  above  the  ground  as  re- 
vealed by  the  two  Doppler  radars.   More  recent 
tests  during  the  1974  National  Hail  Research  Ex- 
periment in  northeast  Colorado  showed  that  chaff 
could  be  released  by  hand  from  the  surface  and 
would  rapidly  diffuse  under  convective  conditions, 
reaching  an  altitude  of  2  km  after  several  min- 
utes. 

^©n  the  other  hand,  chaff  released  at 
Haswell  under  stable,  night-time  conditions  did 
not  disperse,  and  no  equivalent  night-time 
boundary  layer  velocity  fields  were  obtained  by 
this  method. 


4. 


OBSERVATIONS  OF  CONVECTION 


This  section  summarizes  some  of  the  prin- 
cipal results  of  the  observations  of  the  atmos- 
pheric convection,  taken  under  clear  sky,  day- 
time conditions. 

4  . 1    Convergence/Divergence  under  Convective 
Conditions 

Convergence  values  of  10-'  sec~l  over 
periods  of  1  to  2  minutes  were  common  during  day- 
time convective  conditions,  as  opposed  to  typical 
night-time  values  of  5.10-   sec~l.   Periods  of 
strong  convergence  usually  corresponded  well  with 
strong  thermal  plume  echoes  on  the  acoustic  echo 
sounder  located  just  inside  the  laser  beam  tri- 
angle, with  periods  of  divergence  corresponding 
to  weak  acoustic  echoes.   The  occasional  excep- 
tion to  this  relationship  may  be  attributable  to 
the  fact  that  the  convergence  was  measured  close 
to  the  surface,  whereas  the  minimum  height  of  the 
acoustic  echoes  was  about  50  meters. 

Figure  5  shows  the  cross-correlation  curves 
between  divergence  and  vertical  wind  as  measured 
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Fig.    4     Divergence  of  air  in  a  horizontal  plane 
100  meters  above  the  ground,   measured  during 
convective  conditions  by   two  Doppler  radars. 

on  the  tower.   The  solid  line  is  for  high  convec- 
tive activity,  and  shows  evidence  of  a  strong  per- 
iodicity at  a  period  of  about  400  seconds;  the 
dashed  line,  for  low  convective  activity  periods, 
typically  during  early  morning  or  late  afternoon 
hours,  shows  little  evidence  of  periodicity  of  the 
thermal  plumes.   Comparison  of  the  divergence 
measurements  with  vertical  wind  measurements  at 
the  different  levels  on  the  tower  indicated  that 
the  plumes  were  tilted  in  the  forward  direction  in 
the  lowest  30-60  meters,  but  were  essentially  ver- 
tical at  greater  heights.   For  further  details  of 
the  laser-beam  divergence  measurements,  the  reader 
is  referred  to  Kjelaas  and  Ochs  (1974). 

4. 2    Vorticity  Under  Convective  Conditions 

The  acoustic  measurements  of  vorticity  are 
in  the  process  of  publication  (Gaynor  et  al.,  1975). 
Peak  vorticity  values  near  0.5  S-*  were  observed 
using  12  second  averaging  of  the  data;  in  some 
cases  the  peaks  were  seen  to  coincide  in  time  and 
sign  with  the  passage  of  relatively  small  dust 
devils  across  the  3.75  x  10^  n)2  triangle.   During 
the  50  minute  period  analysed,  the  vorticity  was 
observed  to  be  cyclonic,  and  in  good  agreement 
with  the  environmental  vorticity  estimated  from 
surface  synoptic  charts  of  about  0.05  S~l.   These 
spectra  of  near-surface  vorticity  show  a  maximum 
at  periods  of  about  250  seconds,  with  a  subsidiary 
maximum  at  about  85  seconds  (see  Figure  3) .   The 
250  second  period  is  somewhat  smaller  than  the 
periods  of  330  to  380  seconds  found  for  the  spec- 
tral peaks  of  vertical  velocity  and  Cj   measured 
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Fig.    5     Time-lagged  cross-correlation  curves 
between  divergence  measured  on   the   laser-beam 
triangle  and  the  vertical  wind  measured  on   the 
tower. 

acoustically  and  on  the  tower,  and  on  the  laser- 
beam  divergence  measuring  system. 

Thus,  these  measurements  can  be  taken  as 
clear  evidence  of  the  fact  that  thermal  plumes  do 
rotate,  and  that  the  dust  devils  embedded  in  a 
plume  predominantly  rotate  in  the  same  sense  as 
the  plume. 

4 . 3    Velocity  Patterns  in  Convection 

The  dual-Doppler  radar  observations  of 
convection,  using  chaff,  are  planned  for  publica- 
tion in  a  forthcoming  paper  by  Frisch  et  al., 
(1975).   Figure  A,  referred  to  earlier,  shows  the 
horizontal  divergence  of  air  as  the  downdraft 
region  of  a  convective  cell  reaches  the  100  meter 
level;  Figure  6  shows  a  vertical  cross  section 
through  the  cells  in  a  plane  normal  to  the  mean 


z 

II 


1.0 


0.5 


0 


Chaff 
X  =  3.0 


I  m/sec 


: lift ^  i  ^w//#«  tK  ; 
Jul'*  iiii"  „//i, 


■*-  y 


km 


Fig.    6     Vertical  cross-section  of  velocity  field 
in  a  plane  normal   to   the  mean  flow,   measured 
during  convective  conditions  using  two  Doppler 
radars. 


flow,  and  shows 
downdraft.   The  d 
formation  on  the 
on  the  spectra  of 
dimensions  of  the 
these  data  is  con 


learly  the  regions  of  updraft  and 
ual-Doppler  data  also  contain  in- 
vorticity  and  divergence  fields, 
turbulence,  and  on  the  spatial 
convective  cells.   Analysis  of 
tinuing. 


4.4 


The  Transition  Between  Stable  and  Unstable 
Conditions 


The  transit 
and  unstable  (day 
using  the  Doppler 
sounder,  is  discu 
Clifford  (197A). 


ion  between  stable  (night-time) 
time)  conditions,  as  observed 

radars  and  the  acoustic  echo 
ssed  in  the  paper  by  Frisch  and 

Figure  7,  taken  from  their  paper. 
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Acoustic  Sounder  Record 

9  August  1972 
Haswell  .Colorado 

Fig.  ?  Acoustic  echo-sounding  record  showing 
thermal  plume  activity  capped  by  an  overlying 
temperature  inversion. 

shows  the  capping  inversion  overlying  thermal 
plume  activity,  for  the  period  0900-1000  on 
August  9,  1973.   The  turbulent  energy  dissipation 
rates  measured  by  the  microwave  Doppler  radar,  the 
acoustic  Doppler  sounders  and  the  meteorological 
tower  were  in  good  agreement  at  a  value  of  about 
30  cm  s~3.   The  Doppler  radar  showed  this 
dissipation  rate  to  be  constant  with  height  in  and 
below  the  capping  inversion.   Comparison  of  the 
Doppler  radar  data  permitted  the  interpretation  of 
the  acoustic  record  at  0955  as  divided  into  four 
regions;  a  region  A,  of  low  wind  shear,  reaching 
to  about  250  meters  height  in  which  thermal  plumes 
carried  heat  upwards  and  gave  strong  acoustic 
echoes;  a  region  B,  extending  from  about  250  to 
350  meters,  in  which  shear  increased  and  energy 
dissipation  remained  high,  but  acoustic  echoes 
were  absent,  indicating  a  quasi-adiabatic  tempera- 
ture profile;  a  region  C, from  about  350  m  to  450  m, 
of  high  wind  shear  and  turbulent  energy  dissi- 
pation and  strong  echoes,  identifying  the  tempera- 
ture inversion  capping  the  convective  activity; 
and  a  region  D  above  the  inversion  in  which  the 
wind  shear  and  turbulent  energy  dissipation  de- 
creased with  height,  and  in  which  the  absence  of 
acoustic  echoes  indicated  a  near-adiabat ic  temper- 
ature profile. 

5.     GRAVITY  WAVE  OBSERVATIONS 

Gravity  waves  crossing  the  Haswell  site  were 
registered  primarily  by  the  microbarograph  arrays 
(through  the  associated  pressure  fluctuations),  by 
the  acoustic  echo  sounders,  (as  oscillations  in  the 
height  of  quasi-horizontal  echoing  strata),  and  by 
the  laser  beam  triangle  (as  oscillations  in  mean 
wind  speed  and  direction).   This  section  summa- 
rizes the  results  of  two  studies,  comparing  these 
data. 

5. 1   Comparison  of  Gravity  Wave  Observations  Made 
Using  Acoustic  Echo  Sounder  and  Microbaro- 
graph Arrays 

The  results  of  this  study  have  already  been 
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published  (Kjelaas  et  al  .  ,  1974a).   The  two  inde- 
pendent acoustic  sensing  arrays,  one  passive,  one 
active,  gave  excellent  agreement  in  their  measure- 
ments of  wave  period,  horizontal  phase  speed  and 
direction,  and  horizontal  wavelength  (see  Table  2). 
The  acoustic  sounder  array  was  able  to  detect 
gravity  waves  propagating  in  an  inversion  over- 
lying the  convectlve  boundary  layer  that  were 
undetected  by  the  microbarograph  array  because  of 
the  wave  evanescence  in  the  underlying  convection 
region.   On  one  occasion,  wave-associated  verti- 
cal velocity  oscillations  of  up  to  -  0.5  ms  ~* 
were  observed  using  the  acoustic  sounders  in  the 
Doppler  mode. 

TABLE  2 

Comparison  of  Wave  Parameters  Observed  on  Aooustia 
Sounder  Array  and  Microbarograph  Array 


Wave 

Acoustic 

Parameter 

Sounder 

Microbarograph 

Period 

368s 

365s 

Phase  Speed 

9.7ms"1 

10  ms-1 

Wavelength 

3.5  km 

3.6  km 

Direction  of 

Arrival 

330° 

322° 

Amplitude 

100  m 

- 

5.2    Dispersion 

and  Spectra 

of  Gravity  Waves, 

Derived 

From  Surface  Measurements  of  Wind 

and  Pressure 

One  of  the  most  significant  advances  of 
the  1972  Haswell  experiment  was  the  demonstration 
of  the  ability  to  derive  the  spectra  and  disper- 
sion characteristics  of  gravity  waves  crossing 
the  site,  using  surface  measurements  of  wind  and 
pressure  (Kjelaas  et  al.,  1974b).   In  that  paper, 
the  spectrum  and  dispersion  of  gravity  waves 
apparently  generated  by  a  severe  convective  storm 
on  8  August  1972  in  southeastern  Colorado  were 
derived  by  two  methods  (a)  from  analysis  of  the 
data  from  the  microbarograph  array,  and  (b)  from 
application  of  the  Gossard-Sweezy  method  (Gossard 
and  Sweezy,  1974)  to  observations  of  the  wave- 
associated  fluctuations  of  pressure  and  mean  wind 
speed  and  direction,  as  observed  on  the  laser 
beam  triangle.   Figure  8  indicates  the  excellent 


f(Hi) 

Fig.    8     Phase   velocity   vs.    frequency,    derived 
from  microbarograph  array    (horizontal  bars)   and 
from  measurements  of  wave-associated  fluctuations 
in  pressure  and  wind  (full   line). 

agreement  between  the  two  methods  of  deriving  the 
variation  of  phase  velocity  with  frequency.  Cri- 
tical to  the  success  of  the  Gossard-Sweezy  method 


was  the  ability  of  the  laser-beam  triangle  to  pro- 
vide space-averaged  values  of  the  wave  associated 
fluctuations  in  wind  speed  and  direction,  thereby 
filtering  out  much  of  the  local  turbulent  fluctu- 
ations registered  on  point  sensors. 

Thus,  this  test  indicates  that  the  spectra 
and  dispersion  of  lower  tropospheric  gravity  waves 
passing  overhead  can  be  derived  from  surface 
measurements  from  one  location,  and  that  the  laser 
beam  averaging  of  velocity  can  be  used  to  elimi- 
nate the  need  for  an  array  of  microbarographs . 

6 .      SUMMARY 

The  above  is  a  brief  account  of  some  of  the 
results  of  the  Haswell  1972  experiment.   The  tech- 
nological and  scientific  progress  that  was  made  is 
largely  due  to  the  unique  combination  of  a  meteor- 
ological tower  surrounded  by  remote  sensing  in- 
strumentation, a  combination  which  the  Wave  Prop- 
agation Laboratory  plans  to  extend  by  the  creation 
of  a  new  year-around  field  site,  equipped  with  a 
500  meter  meteorological  tower,  located  some  20  to 
40  kilometers  east  of  Boulder,  Colorado.   To  judge 
by  the  successes  of  Haswell  1972,  we  hope  and  ex- 
pect that  this  new  facility,  which  will  be  avail- 
able continuously  for  widespread  use  by  other 
atmospheric  scientists,  will  have  major  impact  on 
the  future  of  atmospheric  science  and  atmospheric 
technology  in  the  U.  S. 
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1.  INTRODUCTION 

Acoustic  echo  sounders  (or  echosondes)  have 
been  used  successfully  over  land  to  probe  remotely 
the  structure  of  the  planetary  boundary  layer. 
Thermal  plumes,  inversion  layers,  and  their  dynamic 
behavior  have  been  studied  in  detail  by  using  the 
intensity  of  the  echo  returns  (Hall,  1972).   More 
recently,  the  Doppler  frequency  shift  of  scattered 
signals  has  been  analyzed  to  determine  the  wind 
velocity  (Beran,  1974).   The  use  of  echo  sounders 
in  the  marine  atmosphere  is  a  relatively  new 
development  (Ottersten  et  al . ,  1974). 

In  support  of  the  boundary- layer  subprogram 
of  the  Global  Atmospheric  Research  Program  Atlantic 
Tropical  Experiment  (GATE)  we  have  installed  an 
acoustic  echo  sounder  aboard  the  NOAA  Ship 
OCEANOGRAPHER.   Our  objective  was  to  measure  the 
wind  velocity  profile  and  to  obtain  data  on  the 
structure  of  the  tropical  subcloud  layer. 

2.  THE  EXPERIMENT 

Figure  1  shows  the  acoustic  antennas  mounted 
in  the  bow  of  the  ship.   Short  acoustic  pulses  were 
projected  into  the  atmosphere  using  three  1.2-m 
diameter  parabolic-dish  antennas.   One  antenna  was 
pointed  vertically  while  the  other  two  were  elevated 
at  45°  with  respect  to  the  horizontal  and  separated 
by  90°  in  azimuth.   The  Doppler  frequency  shift  of 
the  backscattered  signals  along  the  three  axes  made 
it  possible  to  determine  the  wind  velocity.   The 
echo  intensity  from  the  vertically-pointed  antenna 
provided  information  about  the  structure  of  the 
atmosphere.   The  antennas  were  mounted  on  a  gyro- 
controlled  stable  platform  which  corrected  for  the 
ship's  pitch  and  roll.   An  accelerometer,  attached 
to  the  vertical  antenna,  was  used  to  eliminate 
aliasing  caused  by  the  ship's  up  and  down  motions 
from  the  Doppler-derived  vertical  wind  velocity. 
Because  of  the  high  mechanical  vibration  levels 
encountered  on  the  ship,  it  was  necessary  to 
separate  the  antenna  platform  assembly  from  the 
deck  by  a  vibration  isolator.   To  reduce  the 
received  acoustic  noise  level  and  to  decrease 
acoustic  interference  caused  by  the  operation  of 
the  sounder,  the  antennas  were  enclosed  by  1.5-m 
tall  absorbing,  foam-lined  shielding  cuffs 
(Strand,  1971). 


The  signal-conditioning  and  control  circuitry 
were  similar  to  those  described  by  Simmons  et  al . 
(1971).   Typical  sounder  parameters  used  during 
GATE  were  as  follows:  transmitted  carrier  frequency 
2950  Hz,  transmitted  acoustic  power  10  W,  trans- 
mitted pulse  duration  200  ms ,  pulse  interval  5  s, 
antenna  half-power  beamwidth  10°,  vertical-antenna 
receiver  bandwidth  30  Hz,  and  tilted-antenna  receiver 
bandwidth  100  Hz.   The  backscattered  acoustic  re- 
turns were  recorded  on  a  multi-channel  analog  magnetic 
tape  recorder  for  later  data  analysis.   In  addition, 
a  facsimile  recorder  was  used  to  produce  time-height 
records  of  the  echo  intensity  from  the  vertical 
antenna. 


Figure   I.      Echo  sounder  antennas  counted  in  the 
bov  of  the  ship 


3. 


EXPERIMENTAL  RESULTS 


To  date  only  facsimile-recorded  echo  intensity 
data  have  been  analyzed.   These  records  proved  to 
be  useful  for  studying  different  aspects  of  the 
boundary  layer  up  to  and  including  the  subcloud 
transition  layer.   Garstang  and  Betts  (1974)  present 
an  up-to-date  review  of  the  structure  of  the  tropi- 
cal boundary  layer. 
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Figure  2  shows  typical  time-height  echo 
intensity  data  taken  during  undisturbed  weather 
conditions.   In  the  figure,  darker  regions  indicate 
strong  scattering  while  white  areas  correspond  to 
a  lack  of  scatter.  To  compensate  for  the  geometri- 
cal spreading  of  the  acoustic  beam,  a  gain  ramp 
was  incorporated  in  the  receiver  circuit  (Simmons 
et  al . ,  1971).   A  gradual  darkening  of  the  record 
with  height  resulted  from  amplification  of  the 
received  ambient  background  noise  by  the  gain  ramp. 
The  dark,  spiky  traces  extending  from  the  bottom 
of  the  record  to  200-300  m  height  were  caused  by 
convective  plumes  rising  from  the  surface  of  the 
water.   Because  undisturbed  weather  conditions 
prevailed  most  of  the  time  in  the  GATE  area, 
plumes  like  those  shown  in  Figure  2  were  observed 
during  a  large  percentage  of  the  time.   In  general, 
these  plumes  had  characteristics  similar  to  the 
ones  recorded  over  dry  land  (Hall  et  al . ,  1975). 
For  example,  assuming  that  the  plumes  were 
advected  by  the  4.5  m  s   mean  wind,  we  estimated 
their  along-the-wind  dimension  from  Figure  2 
to  be  between  200  and  500  m  near  the  surface. 
Measurement  of  the  Doppler  frequency  shift  of  the 
returns  indicated  that  typical  updraft  velocities 
were  about  1  m  s  *  within  the  plumes.   No  obvious 
upwind  or  downwind  plume  tilts  were  noted  during 
GATE,  however.   Also,  the  usual  dry- land  diurnal 
pattern  (convective  plumes  during  the  day,  more 
stable,  layered  structures  at  night)  was  not 
seen  in  the  marine  environment,  because  here  the 
energy  input  was  controlled  by  the  sea-air 
temperature  difference;  generally  plumes  formed 
as  long  as  this  quantity  remained  positive. 
There  were  numerous  occasions  during  GATE  when 
plumes  were  observed  24  hours  a  day  for  several 
consecutive  davs . 


Using  estimates  of  the  sensible  heat  flux 
over  the  tropical  ocean,  we  calculated  the  expected 
intensity  of  acoustic  returns.   The  results  shown 
in  Figure  2  and  most  of  the  data  obtained  during 
undisturbed  time  periods  indicated  return  strengths 
that  were  in  close  agreement  with  the  predicted 
values . 

Under  disturbed,  enhanced  convective  condi- 
tions, substantial  changes  take  place  in  the  struc- 
ture of  the  tropical  marine  boundary  layer  (Garstang 
and  Betts,  1974).   The  destruction  of  the  trade- 
wind  inversion  and  cloud-induced  mixing  can  result 
in  the  direct  coupling  of  sea  surface  processes 
with  the  high  troposphere.   Furthermore,  in  some 
areas  the  subcloud  layer  may  become  quite  stable. 
Figure  3  illustrates  a  typical  situation  three 
hours  after  the  passage  of  an  intense  squall  line. 
A  low-level,  very  strong  inversion  formed  which 
limited  the  depth  of  the  mixed  layer.   For  example, 
at  1725  the  top  of  the  mixed  layer  was  at  only 
about  100  m.   Because  of  the  increase  in  mechanical 
turbulence,  plume  activity  subsided  considerably. 
The  subsidence  event  around  1800  reinforced  the 
inversion  and  waves  with  over  100  m  amplitude  are 
seen  near  the  end  of  the  record.   The  significance 
of  strong  inversions  such  as  the  one  shown  in 
Figure  3  is  that  they  produced  a  barrier  to  the 
vertical  transport  of  latent  and  sensible  heat. 
Consequently,  no  new  disturbances  were  expected  to 
develop  until  after  the  inversion  has  weakened 
and  lifted.   Tn  this  particular  case  it  took  about 
12  hours  for  the  inversion  to  rise  and  plume  activ- 
ity to  resume.   Figure  4  shows  the  inversion  ascend- 
ing from  300  to  60n  m.   Wind-shear  induced  breaking 
waves  can  be  seen  on  the  inversion  layer  from  about 
midnight  until  the  end  of  the  record. 


Figure 


Facsimile  record  of  echo  intensity 
durina  distur'ted  conditions 


F inure   2. 


Facsimile  record  of  echo  intensity 
durina  undisturbed  conditions 


Figure  2   also  shows  patchy  returns  from 
the  subcloud  transition  layer  located  between 
400  and  700  m.   Frequently,  these  returns  were 
quite  weak  or  entirely  absent,  indicating  the  low 
level  of  turbulence  associated  with  this  nominally 
stable  layer  or  the  total  absence  of  the  layer 
itself.  When  present,  these  returns  conveniently 
delineated  the  vertical  extent  of  the  mixed  layer. 
The  pronounced  dark  horizontal  traces  at  780,  740, 
590,  and  400  m  were  caused  by  reflections  from  the 
Boundary  Laver  Instrumentation  System  (BLIS) 
balloon  and  three  of  its  sondes.   Echoes  of  this 
kind  were  used  to  determine  accurately  the  height 
of  the  BLIS  sondes. 


Figure  4.      Facsimile  record  of  echo  intensity  during 
transition  from  disturbed  to  undisturbed 
conditions 
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The  effects  of  a  less-intense  disturbance 
are  shown  in  Figure  5.   At  the  beginning  of  the 
record  plumes  characteristic  of  undisturbed  condi- 
tions are  seen.   Suddenly,  at  2213  the  intensity 
and  height  of  the  echo  returns  increased  substan- 
tially as  a  result  of  cold  air  outflow  from  a 
nearby  storm.   Again,  a  low-level,  multi-layered, 
undulating  inversion  formed  which  persisted  for 
about  six  hours.   Plume  activity  gradually  built 
back  up  to  the  usual  300  m  height  level  during 
this  period. 

Comparison  of  acoustic  facsimile  recordings 
with  BLIS-measured  meteorological  data  provided 
valuable  insights  into  processes  taking  place  in 
the  boundary  layer.   For  example,  simultaneous 
observations  of  an  inversion  layer  with  the  echo 
sounder  and  BLIS  verified  that  warmer,  less-moist 
air  existed  above  the  inversion  than  was  found 
just  below  it.   The  sounder  records  provided 
ready  explanation  for  changes  in  meteorological 
variables  when  the  sondes  made  multiple  passes 
through  undulating  inversion  layers  in  the  profil- 
ing mode.   BLIS  wet-bulb  and  dry-bulb  temperatures 
and  wind  velocities  closely  correlated  with  patchy 
returns  indicated  by  the  sounder  such  as  those 
seen  in  Figure  2. 
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Figure   5. 


Facsimile  record  of  echo  intensity 
at  the  onset  of  disturbed  conditions 


4.      CONCLUSIONS 

In  spite  of  the  severe  limitations  imposed 
by  the  high  ambient  noise  level  of  the  ship,  the 
acoustic  echo  sounder  proved  to  be  a  unique  and 
valuable  tool  for  investigating  the  structure 
of  the  tropical  marine  boundary  layer.   The  echo 
sounder  records  vividly  depicted  changes  in  the 
boundary  layer  caused  by  mesoscale  phenomena  such 
as  squall  lines  and  showers.   Future,  detailed 
quantitative  data  analysis  will  include  the 
determination  of  wind  velocity  profiles,  the 
intensity  of  mechanical  turbulence  and  temperature 
variations,  and  surface  heat  flux. 
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ABSTRACT 

A  monostatic  acoustic  echo  sounder  with  a  vertically-pointed  antenna  was  installed  aboard  the  NOAA 
research  vessel  Oceanographer  and  was  tested  during  a  recent  cruise  in  the  Pacific  and  Caribbean  Oceans. 
Acoustic  returns  produced  by  turbulence-induced  temperature  fluctuations  were  received  from  up  to  300  m 
in  height.  The  data  revealed  the  existence  of  a  rich  variety  in  the  structure  of  the  marine  atmosphere. 
Thermal  convective  plumes  were  usually  observed  when  the  sea  water  temperature  exceeded  the  air  tem- 
perature by  as  little  as  1°C.  Under  more  stable  conditions  the  echo  sounder  detected  the  presence  of  layered 
structures  associated  with  temperature  inversions  that  were  often  perturbed  by  gravity  waves  or  wind 
shear.  Doppler  frequency  shift  of  the  returned  echo  signals  was  used  to  estimate  the  vertical  velocity  of 
atmospheric  scatterers. 

The  results  of  the  tests  indicate  that  it  is  possible  to  probe  remotely  the  lower  layers  of  the  marine  atmo- 
sphere from  a  moving  ship  using  acoustic  echo  sounding  techniques.  Wind-generated  noise,  ambient  acoustic 
noise,  and  structure-borne  vibrations  proved  to  be  the  major  limitations  on  the  performance  of  the  echo 
sounder. 


1.  Introduction 

The  strong  interaction  of  acoustic  waves  with  the 
turbulent  atmosphere  makes  it  possible  to  exploit  the 
scattering  of  sound  waves  to  probe  the  atmospheric 
structure  remotely.  McAllister  (1968)  and  McAllister 
et  al.  (1969)  demonstrated  the  feasibility  of  acoustic 
echo  sounding,  and  Little  (1969)  analyzed  various 
methods  for  remote  acoustic  probing.  Numerous 
improvements  during  the  past  few  years  resulted  in 
highly  sophisticated  systems  which  made  it  possible, 
among  other  things,  to  observe  atmospheric  waves  in 
the  boundary  layer  (Hooke  et  al.,  1973)  and  to  monitor 
atmospheric  stability  (Wyckoff  et  al.,  1973).  Recently, 
Beran  et  al.  (1971),  Beran  and  Clifford  (1972)  and 
Beran  (1974)  have  demonstrated  that  the  Doppler 
frequency  shift  of  the  returned  acoustic  echo  may  be 
used  to  measure  wind  velocity. 

With  the  notable  exception  of  the  recent  ship-based 
measurements  made  by  Ottersten  el  al.  (1974),  all 
previous  acoustic  echo  sounders  have  been  operated 
over  dry  land.  Because  echo  sounders  of  this  kind  have 
the  potential  to  give  an  equally  unique  description  of 
the  marine  atmosphere,  a  sounder  was  installed  on  the 
National  Oceanic  and  Atmospheric  Administration 
(NOAA)  ship  Oceanographer  for  the  Global  Atmospheric 
Research  Program  Atlantic  Tropical  Experiment 
(GATE).  GATE  is  a  large-scale  international  experi- 
ment aimed  at  studying  cloud  clusters  and  the  trans- 
ports of  heat,  water  vapor  and  momentum  in  the 
tropical  Atlantic  off  the  West  Coast  of  Africa  during 


the  summer  of  1974.  In  addition  to  providing  a  descrip- 
tion of  the  atmospheric  structure,  the  system  planned 
for  GATE  will  also  measure  the  wind  velocity  in  the 
subcloud  layer  (below  600  m).  Because  of  the  limited 
size  of  the  oceanic  platform,  monostatic  sounder 
geometry  will  be  used;  the  same  antennas  will  serve 
for  both  transmission  and  reception.  A  cluster  of  three 
antennas,  one  pointed  vertically  and  two  others  elevated 
at  45°  and  separated  by  90°  in  azimuth,  will  be  used  to 
resolve  the  total  wind  vector.  During  a  preliminary 
sea  trial  conducted  in  February  1974  a  single,  vertically- 
pointed  antenna  was  installed  onboard  the  Oceanog- 
rapher. The  following  is  a  report  on  some  of  the 
results  obtained  during  the  cruise  from  Seattle,  Wash., 
to  Miami,  Fla.  First,  we  will  discuss  the  scatter  of  sound 
waves  in  the  marine  atmosphere,  and  from  this  informa- 
tion we  will  estimate  the  expected  maximum  range  of 
the  acoustic  system.  After  a  brief  description  of  the 
experimental  apparatus,  we  will  present  and  discuss  a 
sampling  of  the  preliminary  results. 

2.  Scatter  of  sound  in  the  ocean  atmosphere 

According  to  Batchelor  (1957)  and  Monin  (1962) 
acoustic  backscattering  is  produced  by  irregularities 
in  scalar  atmospheric  properties  (temperature  and 
humidity).  The  fraction  of  acoustic  intensity,  do, 
which  is  backscattered  into  a  cone  of  solid  angle  d.9.  per 
unit  volume  of  temperature  inh'omogeneities,  is  given  by 


da                     CT2 
— =0.0075X-» , 


(1) 
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where  X  is  the  acoustic  wavelength,  Ct  the  temperature 
structure  parameter  (indicating  the  intensity  of 
temperature  variations),  and  T  the  mean  absolute 
temperature.  Eq.  (1)  indicates  that  the  scattering  is 
weakly  dependent  on  the  acoustic  wavelength.  Con- 
sequently, the  optimum  operating  frequency  is  deter- 
mined by  a  compromise  between  propagation  losses  and 
ambient  background  noise  level.  The  former  increase 
with  increasing  frequency  while  the  latter  decreases 
under  the  same  condition. 

Measurements  of  Ct  over  dry  land  under  strong 
convective  conditions  yield  Ct~0.25  K  m_1  (Hall, 
1972).  For  more  stable  conditions  CV  may  decrease  by 
a  factor  of  10  or  more.  Because  the  sensible  heat  flux  H 
is  about  an  order  of  magnitude  smaller  over  even  the 
tropical  oceans  than  over  dry  land  (Lenschow,  1970; 
Holland,  1972),  and  because  Cr2~#J  for  a  given  height 
in  the  free  convective  surface  layer  (Wyngaard  el  al., 
1971),  we  may  conclude  that  Cr<0.05  K  m_1  over  the 
ocean.  Direct  measurements  of  Ct  in  a  convective 
marine  boundary  layer  indicate  that  this  is  a  reasonable 
upper  limit  for  Ct  (Frisch  and  Ochs,  1975).  For  a 
typical  probing  frequency  of  2  kHz  (X  —  0.17  m)  and 
T=  293  K,  the  backscattering  cross  section  thus  becomes 
d<r/da<iXlOr10  m-1. 

Moisture  fluctuations  are  usually  unimportant  when 
operating  a  sounder  over  land.  Because  the  latent  heat 
flux  can  exceed  the  sensible  .heat  flux  by  an  order  of 
magnitude  over  the  tropical  ocean  (Holland,  1972), 
water  vapor  variations  could  produce  a  significant 
contribution  in  this  case. 

We  may  apply  the  radar  equation  (Skolnik,  1970) 
to  a  monostatic  sounder  to  calculate  the  returned  signal 
power  as 

/D\2\    1    /CT\d<T 

Pr  =  PtA )-(-)— L,  (2) 

\  4tt  JrA  2  JdSl 


where  Pt  and  PR  are  the  transmitted  and  received 
electrical  signal  powers,  respectively,  r\  is  the  efficiency 
of  the  transducer,  D  the  directivity  of  the  antenna,  X 
the  acoustic  wavelength,  R  the  range  to  the  scattering 
volume,  c  the  speed  of  sound  in  air,  r  the  transmitted 
pulse  duration,  da/dil  the  scattering  cross  section  per 
unit  solid  angle  per  unit  volume,  and  L  a  loss  term 
caused  by  atmospheric  absorption  which  accounts  for 
propagation  losses  to  and  from  the  scattering  region. 
Although  sound  absorption  in  the  atmosphere  is  a 
complicated  function  of  frequency,  temperature  and 
humidity  (Harris,  1966),  we  may  take  0.01  dB  rrr1  as  a 
reasonable  value  for  /=  2  kHz  at  a  temperature  of 
20°C  and  relative  humidity  of  40%  or  higher. 

The  ultimate  success  of  an  echo  sounder  depends  on 
the  signal-to-ambient-noise  ratio  of  the  returned  signal. 
Alternately,  we  may  inquire  what  the  expected  max- 
imum range  of  the  sounder  is  in  a  particular  noise 
environment.  Recent  measurements  onboard  the  NOAA 
ship    Discoverer    (sister    ship    of    the    Oceanographer) 


revealed  that  the  airborne  acoustic  noise  pressure 
spectrum  level  at  2  kHz  is  typically  22  dB  relative  to 
20  juN  m-2.  Following  the  technique  of  Simmons  el  al. 
(1971),  we  calculate  that  for  commonly  used  acoustic 
antennas  and  transducers  (antenna  directivity  D=  400 ; 
slide-lobe  reduction  of  55  dB  between  70°  and  90°; 
transducer  efficiency  77= 0.1)  the  received  electrical 
noise  power  is  Pjv=4.4X  10~17  W  Hz"1. 

For  the  above  estimates  of  scattering  cross  section, 
received  noise  power,  attenuation,  sounder  parameters 
of  Pr=150  W,  77=  0.1,  Z?=400,  X=0.17  m,  t=50  ms, 
receiver  bandwidth  30  Hz,  and  received  signal-to-noise 
ratio  of  10  dB,  we  find  from  (2)  that  the  maximum 
range  is  approximately  300  m.  Under  conditions  of 
less  intense  scattering,  the  maximum  range  will  be 
shorter  and/or  the  received  signal-to-noise  ratio  will 
be  reduced.  The  above  calculation  shows  that,  in  spite 
of  the  high  ambient  noise  level  of  the  ship,  it  should  be 
possible  to  probe  the  lower  layers  of  the  maritime 
atmosphere  using  a  ship-based  acoustic  echo  sounder. 

3.  Experimental  apparatus 

The  Oceanographer  is  the  largest  oceanographic 
survey  ship  in  the  NOAA  fleet.  The  ship  is  92  m  long, 
16  m  wide,  has  a  draft  of  6  m,  and  displaces  about 
4000  tons.  To  reduce  the  incident  ambient  acoustic 
noise  level  to  the  minimum,  the  echo  sounder  antenna 
was  located  on  the  forward  weather  deck  near  the  bow 
approximately  10  m  above  the  water's  surface.  Fig.  1 
shows  the  acoustic  antenna  mounted  on  its  pedestal. 
Approximately  100  m  length  of  cable  connected  the 
antenna/preamplifier  unit  with  the  rest  of  the  electron- 
ics located  aft  in  the  Oceanographic  Laboratory. 

The  echo  sounder  consisted  of  a  2  kHz  signal  source, 
power  amplifier,  transducer  feeding  a  1.2  m  diameter 
parabolic  dish  antenna  (Fig.  2)  used  for  both  trans- 
mission and  reception,  preamplifier,  and  a  tuned  narrow- 
band receiver.  Additional  timing  circuits  were  provided 
for  generating  the  transmitted  tone  burst  and  for  gating 
the  receiver.  The  detected  echo  signal  from  the  receiver 
was  recorded  on  a  facsimile  recorder  to  provide  a  time 
vs  height  presentation  of  the  scattering  intensity.  All 
the  significant  experimental  parameters  were  also 
recorded  on  a  multi-channel  analog  magnetic  tape 
recorder  for  later  digitization  and  quantitative  computer 
analysis.  Echo  sounder  components  and  electronic 
circuitry  similar  to  that  used  in  the  present  experiment 
were  described  in  more  detail  by  Simmons  el  al.  (1971). 

Because  the  ship  pitches  and  rolls,  a  sound  pulse 
transmitted  from  a  fixed  antenna  in  a  given  direction 
could  return  at  a  later  time  when  the  antenna  is  pointed 
in  a  new,  and  sufficiently  different  direction  that  the 
return  echo  signal  would  not  be  within  the  receiver 
beam  pattern.  To  circumvent  the  above  difficulty,  the 
acoustic  antenna  was  mounted  on  a  pitch-  and  roll- 
stabilized  platform,  also  shown  in  Fig.  1,  capable  of 
correcting  for  ±7°  excursions  in  pitch  and  for  ±30° 
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Fig.  1.  View  of  the  deck  with  the  acoustic  antenna  mounted  on  its  pedestal. 

excursions   in   roll.    In   addition,    the   entire   antenna      isolator  was   designed   to  provide   for   approximately 
assembly  was  mechanically  decoupled  from  the  ship's      30  dB  reduction  in  vibration-induced  noise  at  2  kHz. 
deck  by  placing  it  on  top  of  a  vibration  isolator.  The         To  reduce  the  interference  from  airborne  ambient 


Fig.  2.  Parabolic  dish  antenna,  transducer,  and  feed  horn  without  shield. 
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Fig.  3.  Facsimile  record  of  atmospheric  structure  taken  with  a  vertically-pointed  monostatic  acoustic  echo  sounder.  Ship  if  in  the 
vicinity  of  26C0'N,  115°30'W,  approximately  140  km  off  the  coast  of  Baja  California. 


noise  and  to  keep  the  transmitted  tone  burst  from 
annoying  the  ship's  personnel,  the  dish  antenna  was 
placed  inside  a  1.8  m  tall  shielding  cuff  similar  to  the 
type  discussed  by  Strand  (1971).  The  cuff  was  made  of 
four  trapezoidal  panels,  1.2  m  wide  at  the  bottom  and 
flaring  to  1.8  m  at  the  top.  For  maximum  strength 
and  minimum  weight,  the  panels  and  an  additional 
bottom  cover  were  constructed  of  corrugated  paper 
sandwiched  between  thin  layers  of  fiberglass.  The  inside 
of  the  cuff  was  lined  with  6  cm  thick  convoluted 
polyurethane  foam  to  provide  additional  sound  absorp- 
tion. Although  no  accurate  beam  pattern  measurements 
were  performed  on  the  shielded  antenna,  it  was  es- 
timated from  the  measured  receiver  noise  power  output 
that  the  side-lobe  level  between  70°  and  90°  was  of  the 
order  of  —55  dB  relative  to  that  of  the  main  lobe. 

4.  Experimental  results 

Because  of  the  schedule  of  the  Oceanographer,  essen- 
tially all  the  echo  soundings  had  to  be  taken  while  the 
ship  was  steaming  at  full  speed  (8  m  s_1).  This  meant 
that  in  addition  to  the  ambient  noise  produced  by  the 
ship's  engines,  the  sounder  had  to  contend  with  the 
wind-generated  noise  as  well.  Depending  on  the  wind 
speed  and  direction,  interference  from  this  latter  source 
of  noise  ranged  from  negligible  to  the  point  where 
sounding  became  impossible.  Usually,  good  acoustic 
returns  were  obtained  as  long  as  the  relative  wind  speed 
did  not  greatly  exceed  12  m  s_1.  In  spite  of  these 
difficulties,  acoustic  echoes  were  received  during  a  large 
percentage  of  the  time  when  the  sounder  was  in 
operation. 

Only  a  very  limited  amount  of  in-situ  meteorological 


data  were  gathered  aboard  the  ship.  Wind  speed  and 
direction  were  measured  on  the  mast  30  m  above  the 
water  using  a  Bendix  jR  odel  120  Aerovane  system. 
Sea-surface  temperature  measurements  were  taken 
only  every  6  h  with  the  help  of  a  mercury  glass  bucket 
thermometer.  In-between  water  temperature  values 
were  obtained  from  a  continuously-recording  sensor 
located  4  m  below  the  water  line.  The  agreement 
between  these  two  temperature  measurements  was 
usually  0.5°C  or  better.  The  air  temperature  was 
recorded  once  every  hour  on  the  bridge  12  m  above  the 
water  using  a  mercury  glass  thermometer  enclosed  in 
an  instrument  shelter.  Because  of  the  inadequate 
instrumentation,  we  estimate  that  our  determination  of 
the  sea-air  temperature  difference  was  accurate  only  to 
within  ±0.5°C. 

The  echo  sounder  system  was  placed  in  operation 
shortly  after  leaving  Seattle.  The  acoustic  antenna  and 
shield  were  assembled  and  were  at  first  placed  directly 
on  the  deck.  No  acoustic  returns  were  observed, 
however,  because  the  received  noise  level  was  exceed- 
ingly high.  Echo  sounding  became  possible  only  after 
the  antenna  was  mounted  on  the  vibration-isolated 
stable  platform  which  resulted  in  a  significant  reduction 
in  the  received  noise  level. 

Fig.  3  illustrates  a  6  h  altitude  vs  time  facsimile 
record  of  the  intensity  of  acoustic  scattering  taken  off 
the  coast  of  Baja  California.  The  following  sounder 
parameters  were  used :  transmitted  frequency/=  2  kHz, 
transmitted  electrical  acoustic  peak  pulse  power 
Pt=  100  W,  pulse  duration  t=50  ms,  pulse  repetition 
rate  2  s,  and  receiver  bandwidth  30  Hz.  At  this  fre- 
quency the  half-power  beamwidth  of  the  antenna  was 
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approximately  10°  and  the  transducer  efficiency  was 
10%.  The  darker  regions  in  the  figure  correspond  to 
more  intense  scattering,  while  the  white  areas  indicate 
the  lack  of  scatter.  The  ambient  acoustic  noise  man- 
ifested itself  as  a  uniform  gray  background  which 
became  progressively  darker  with  increasing  height 
because  the  receiver  gain  was  varied  inversely  with 
range  to  compensate  for  the  spreading  of  the  acoustic 
beam.  The  transmitter  was  turned  off  for  1  min  at  the 
end  of  each  hour  to  provide  a  time  mark  on  the  facsimile 
record.  Because  the  receiver  remained  connected  to 
the  antenna,  these  1  min  periods  also  allowed  for  a 
qualitative,  visual  inspection  of  the  received  signal-to- 
noise  ratio.  Permanent  echoes,  apparently  caused  by 
the  ship's  superstructure  and  mast,  were  recorded  as 
horizontal  lines  at  20  and  34  m.  The  "spiky"  echoes  seen 
in  the  early  portion  of  the  record  were  caused  by 
convective  thermal  plumes  rising  from  the  surface  of 
the  water  and  are  similar  to  such  plumes  observed  in 
daytime  over  the  land  (McAllister  el  al.,  1969).  Some 
of  these  thermals  were  tracked  up  to  150  m  in  height. 
During  this  time  the  air  temperature  was  15°C,  the 
water  temperature  16°C,  and  the  true  wind  speed 
4  m  s-1.  At  about  1900  the  convection  subsided  con- 
siderably and  an  inversion  layer  started  to  form  at 
200    m.    Correspondingly,    the    sea-air    temperature 


difference  decreased  and  the  true  wind  speed  gradually 
increased  to  7  m  s_1.  Wind-shear  induced  fluc- 
tuations of  the  layer,  which  at  times  reached  200  m 
in  magnitude,  are  clearly  visible  from  1915  to  2000. 
At  2000  the  2  s  sweep  period  was  changed  to  5  s  which 
compressed  both  the  height  and  time  scales.  Also,  the 
transmitted  power  was  increased  from  100  to  150  W. 
One,  sometimes  two,  undulating  layers  were  observed 
for  the  next  several  hours.  The  finestructure  seen  near 
100  m  in  the  upper  portion  of  the  figure  is  caused  by 
wrinkles  in  the  recording  paper  and  not  by  acoustic 
returns. 

Fig.  4a  shows  thermal  plumes  ascending  from  the 
water's  surface  at  night.  In  this  case  the  air  temperature 
was  20°C,  the  water  temperature  was  approximately 
1°C  higher,  and  the  true  wind  speed  varied  between  1 
and  3  m  s_1.  Strong  convection  persisted  until  next 
morning  when  the  sounder  had  to  be  turned  off  because 
of  interference  from  routine  ship  maintenance.  Occa- 
sionally, a  capping  inversion  was  also  detected  at  the 
top  of  the  convective  layer,  as  can  be  seen  between 
2120  and  2130. 

Another  interesting  situation  is  depicted  in  Fig.  4b. 
After  intense  convection  all  night  long,  a  temperature- 
inversion  layer  developed  at  150  m  around  0700.  The 
convection  entirely  ceased  by  0740.  The  sea-air  tern- 
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Ship  is  in  the  vicinity  of  21°25'N,  85C20'YV,  near  Cuba. 


perature  difference  remained  fairly  constant  at  around 
+  2°C  throughout  the  entire  period  even  though  the 
air  temperature  gradually  decreased  from  26  to  23°C. 
The  true  wind  speed  increased  from  2  to  5  m  s_1  around 
0700.  The  same  sounder  settings  were  used  here  as  in 
Fig.  3,  except  that  the  transmitted  power  was  kept  at 
150  W  and  the  pulse  repetition  rate  was  2  s  for  both 
portions  of  Fig.  4. 

A  longer  record  of  nighttime  convection  is  shown  in 
Fig.  5.  For  these  tests  the  dish  antenna  was  replaced  by 
a  square  array  consisting  of  one  hundred  0.12  m  square 
horns  fed  by  25  drivers.  The  main  advantage  of  the 
array  antenna  was  that  it  allowed  for  a  higher  power 
input;  in  this  case  Pt=  S00  W.  All  the  other  system 
parameters  were  the  same  as  before.  Relatively  strong 
convective  activity  was  observed  throughout  the  night 
even  though  the  sea-air  temperature  difference  was 
^  +  1°C.  The  sea-water  temperature  was  25°C  and 
the  true  wind  speed  varied  between  6  and  8  m  s_1. 

Fig.  6  illustrates  the  intensity  of  the  acoustic  echoes 
and  the  corresponding  vertical  velocity  field  inferred 
from  the  Doppler  frequency  shift  of  the  returns  during 
a  convective  period.  The  sea  water  and  air  temperatures 
were  both  near  26°C  and  the  true  wind  speed  was  7  m 
s_1.  Again,  the  array  antenna  was  used  with  PT=  800  W. 
In  the  velocity  record,  white  regions  indicate  an 
updraft  of  1  m  s_1  (or  greater)  and  black  ones  corre- 


spond to  a  downdraft  of  1  m  s_1  (or  greater).  Velocity 
values  that  fall  between  ±1  m  s_1  are  depicted  by 
intermediate  shadings  of  gray;  zero  velocity  is  rep- 
resented by  neutral  gray.  Although  the  facsimile  record 
gives  only  a  rough,  qualitative  idea  of  the  vertical 
velocity  field,  it  is  clear  that  thermal  plumes  are 
associated  with  ascending  parcels  of  air.  Sinking  air 
motion  was  detected  near  the  edges  of  and  between 
plumes  and  occasionally  within  plumes.  The  velocity 
data  were  contaminated  by  the  ship's  pitching  motion ; 
however,  at  the  location  of  the  acoustic  antenna,  this 
velocity  error  did  not  exceed  ±0.4  m  s_I  during  the 
period  shown  in  Fig.  6. 

5.  Conclusions 

Although  the  high  ambient  noise  environment  of  the 
ship  placed  severe  limitations  on  the  performance  of 
the  echo  sounder,  we  have  demonstrated  that  it  is 
possible  to  obtain  acoustic  returns  from  up  to  300  m 
in  height  using  a  moving  ship  as  the  antenna  platform. 
The  variety  of  phenomena  observed  (thermal  plumes, 
undulating  layers,  etc.)  indicates  that  the  atmosphere 
over  the  ocean  is  quite  rich  in  structural  detail.  We  feel 
that  echo  sounders  of  this  type  could  become  valuable 
tools  for  remotely  probing  the  lower  layers  of  the 
marine  atmosphere. 
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Fig.  6.  Facsimile  record  of  the  intensity  of  scattering  and  vertical  velocity  field.  Ship  is  in  the  vicinitv 
of  20°28'N,  84°19'W,  approximately  120  km  south  of  Cuba. 


The  maximum  range  achieved  was  near  to  that 
estimated  earlier  in  the  paper.  Not  too  much  significance 
should  be  attached  to  this  fact  because  of  the  uncertain- 
ties involved  in  estimating  several  important  parameters 
used  in  the  calculations. 

The  lack  of  more  detailed  meteorological  data  made 
the  interpretation  of  the  acoustic  records  subjective. 
Nevertheless,  a  clear  and  predictable  pattern  emerged ; 
whenever  the  sea  water  temperature  exceeded  that  of 
the  air  by  as  little  as  1°C,  thermal  convective  plumes 
were  usually  observed.  The  Doppler  frequency  shift 
produced  by  the  scatterers  allowed  the  determination 
of  the  vertical  velocities  associated  with  the  plumes. 
The  acoustic  returns  showed  layered  structure,  indicat- 
ing more  stable  stratification,  when  the  water  tempera- 
ture was  less  than  the  air  temperature. 

The  importance  of  mechanically  isolating  the  trans- 
ducer from  the  ship's  vibrations  cannot  be  over- 
emphasized. Because  of  the  vibration-induced  noise, 
no  acoustic  returns  were  observed  at  all  when  the 
antenna  was  attached  directly  to  the  deck.  Similarly, 
we  feel  that  the  antenna  shielding  cuff  significantly 


reduced   the   airborne   acoustic   noise   and   helped   to 
minimize  the  wind-generated  noise,  as  well. 

During  the  cruise,  seas  were  calm  enough  so  that  the 
roll  and  pitch  motions  of  the  ship  seldom  exceeded 
±  10°  and  ±3°,  respectively,  and  were  usually  consider- 
ably less.  Most  of  the  data  were  taken  with  the  stable 
platform  in  the  locked  position.  Consequently,  we  are 
not  able  to  conclude  whether  the  stabilization  of  the 
acoustic  antenna  improved  the  performance  of  the 
sounder  or  not,  or  whether  pitch  and  roll  compensation 
is  even  necessary. 
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An  acoustic  echo  sounder  was  installed  aboard  the  NOAA  Ship  OCEANOGRAPHER 
to  study  the  lower  layers  of  the  tropical  marine  atmosphere  during  GATE. 
A  pitch-  and  roil-stabilized^ciuster  of  three  antennas,  on.e  pointed  vertically, 
the  other  two  elevated  at  45  above  the  horizontal  and  separated  by  90  in 
azimuth  was  used.   Acoustic  backscattering  produced  by  temperature  inhomogeneities 
approximately  of  the  size  of  one-half  the  acoustic  wavelength  (A/2~0.06  m) 
provided  information  about  the  vertical  structure  of  the  atmosphere.   Magnetic 
tape  recordings  of  the  Doppler-frequency-shifted  acoustic  returns  along  the 
three  axes  will  be  used  during  the  subsequent  data  reduction  to  determine 
vertical  profiles  of  wind  velocity. 

Facsimile  recordings  of  the  acoustic  echo  intensity  showed  that  the  undisturbed 
tropical  atmosphere  was  characterized  by  convective  plumes  to  heights  of 
300-400  m.   In  Figure  lb  the  dark,  "spiky"  traces  extending  to  200-300  m 
illustrate  convective  plumes  during  a  typical  suppressed  period.   Depending 
on  the  wind  speed,  the  apparent  size  of  plumes  displayed  by  the  facsimile 
records  varied  greatly.   However,  assuming  that  the  plumes  were  translated  by 
the  mean  horizontal  wind,  we  found  that  plume  dimensions  at  their  bases  were 
typically  between  100  and  250  m  in  the  downwind  direction.   Similar  findings 
were  observed  in  earlier  acoustic  experiments  conducted  over  dry  land.  Acoustic 
returns  from  the  trade  inversion  located  between  450  and  800  m  also  were 
observed  part  of  the  time.  Comparison  of  acoustic  data  with  Boundary  Layer 
Instrumentation  System  (BLIS)  measurements  provided  ready  interpretation  for 
temperature  and  humidity  changes  registered  by  BLIS  sensors  when  convective 
plumes  penetrated  a  fixed  BLIS  sonde  level.  Although  plumes  invariably  contained 
more  moisture  than  the  air  surrounding  them,  the  dry  bulb  temperature  frequently 
decreased  within  plumes.   Convective  plumes  were  observed  around  the  clock 
during  a  large  percentage  of  the  time  through  all  three  phases  of  GATE. 

The  sounder  records  vividly  depicted  changes  in  the  atmospheric  boundary  layer 
caused  by  mesoscale  phenomena  such  as  squall  lines  and  showers  during  disturbed 
conditions.   Cold  air  outflow  from  storms  frequently  limited  the  mixed  layer  to 
depths  of  100  m;  the  resultant  stronger  mechanical  shear  at  times  entirely 
eliminated  the  convective  plumes.   Slowly  rising,  undulating  inversion  layers 
followed  these  events  and  usually  it  took  several  hours  for  the  mixed  layer  to 
re-establish  itself  to  500  m  or  greater  depth.   Figure  la  shows  an  example  of 
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a  stably  stratified  boundary  layer.   The  inversion  layer  capping  the  plumes 
rose  from  less  than  100  m  at  1020  to  about  400  m  at  1225.   Also  seen  in  the 
figure  are  heavy  dark  lines  that  were  caused  by  strong  acoustic  returns  from 
the  BLIS  balloon  and  its  instrument  package. 

Two  particularly  intense  squall  lines  with  winds  gusting  over  35  kts  passed 
over  the  ship  on  11  and  12  September.   In  each  case  strong,  low-level, 
multi-layered  inversions  formed  which  persisted  for  about  10-15  hours.   The 
continuous  facsimile  recordings  of  these  two  events  clearly  illustrated  the 
effects  of  this  type  of  disturbance  on  the  boundary  layer;  Kelvin-Helmholtz 
breaking  waves  and  dramatic  changes  in  inversion  height  were  among  the  phenomena 
observed.   BLIS  profiles  taken  in  stably  stratified  atmospheres  often  indicated 
substantial  differences  in  parameters  such  as  inversion  height  between  ascents 
and  descents  separated  by  only  20  minutes.   Simultaneously  recorded  acoustic 
data  clearly  showed  the  changes  in  atmospheric  structure  that  were  responsible 
for  these  differences. 

During  the  February  1974  sea  trial  of  a  single  channel  of  the  acoustic  echo 
sounder,  we  demonstrated  that  the  Doppler  frequency  shift  of  the  returns  can 
be  used  to  estimate  vertical  wind  velocity.   Figure  2  shows  simultaneous 
facsimile  recordings  of  the  intensity  of  returns  and  Doppler-derived  vertical 
velocity.   In  the  velocity  record,  white  regions  indicate  upward  motions  of 
1  m  s  •*•  and  black  ones  correspond  to  downdrafts  of  equal  magnitude.   In-between 
velocity  values  are  depicted  by  intermediate  shadings  of  gray;  zero  velocity  is 
represented  by  neutral  gray.  Although  Figure  2  gives  only  a  rough,  qualitative 
picture  of  the  velocity  field,  by  comparing  the  echo  intensity  and  vertical 
velocity  records  one  may  observe  that  plumes  are  associated  with  ascending 
parcels  of  air.'  Sinking  air  motion  was  detected  near  the  edges  of  and  between 
plumes  and  occasionally  within  plumes.  Monitoring  of  the  acoustic  returns 
during  GATE  indicated  that  good  Doppler  tracking  was  usually  obtained  to 
heights  of  200  to  300  m.   Subsequent  computer  analysis  of  the  data  should 
allow  us  to  determine  wind  velocity  profiles  to  these  heights. 

In  summary,  the  acoustic  echo  sounder  proved  to  be  a  unique  and  valuable 
tool  for  investigating  the  structure  and  dynamics  of  the  tropical  marine 
boundary  layer.   In  addition  to  determining  wind  velocity,  the  acoustic  data 
will  be  analyzed  to  obtain  a  quantitative  measure  of  the  intensity  of  mechanical 
turbulence  and  temperature  variations,  and  a  measure  of  the  surface  heat  flux. 


Figure  Captions 


1.  Facsimile  recordings  of  the  intensity  of  acoustic  scattering. 

(a)  Stably  stratified  atmosphere  with  an  undulating  inversion  layer. 

(b)  Convective  plumes  during  suppressed  conditions. 
Ship  is  at  Position  #4,  8°  30'  N  23°  30'  W. 

2.  Facsimile  recordings  of  the  intensity  of  acoustic  scattering  and 
Doppler-determined  vertical  velocity  field.   Ship  is  in  the  vicinity 
of  20°  28'  N  84°  19*  W,  approximately  120  km  south  of  Cuba. 
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OBSERVATIONS  OF  A  HAILSTORM  WITH  TWO  DOPPLER  RADARS 


F.  H.  Merrem  and  R.  G.  Strauch 

HOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  60302 


Radar  B 


1.  INTRODUCTION 

Vertical  air  motion  fields  in  convective 
storms  have  been  studied  by  both  aircraft  and 
zenith-pointing  Doppler  radars.   Neither  of 
these  observation  methods  can  depict  the  entire 
vertical  air  motion  field,  but  both  methods  can 
add  an  important  insight  into  the  interpretation 
of  the  overall  storm  dynamics  as  well  as  micro- 
physical  processes  inside  the  storm.   The 
apparent  structure  of  the  storm  observed  by  a 
zenith-pointing  radar  depends  largely  upon  the 
location  of  the  radar  relative  to  the  storm. 
Other  information  is  required  to  determine  the 
part  of  the  storm  that  the  radar  observed.   The 
detailed  information  contained  in  the  zenith- 
pointing  Doppler  radar  spectra  can  be  used  to 
deduce  the  drop  size  distribution  and  vertical 
air  velocity  (Atlas  et  al. ,  1973)  for  a  par- 
ticular volume  of  space,  whereas  the  air  velocity 
estimates  for  contiguous  volumes,  as  a  function 
of  time,  yields  information  on  the  overall, 
dynamics  of  the  storm  as  it  advects  overhead. 

Two  3-cm  mobile  Doppler  radars  were  used 
daring  the  1973  field  program  of  the  National 
Hail  Research  Experiment  (NHRE)  in  Northeastern 
Colorado.  These  radars  were  operated  as  a  dual 
Doppler  system  whenever  storms  were  located  in 
a  region  suitable  for  deducing  three-dimensional 
wind  fields.   During  the  field  program  of  NHRE 
several  severe  convective  storms  passed  directly 
over  one  of  the  radars.  Whenever  this  occurred 
one  radar  operated  in  a  zenith-pointing  mode 
while  the  other  radar  scanned  an  azimuth  sector 
in  a  stepped  elevation  raster  mode.  Several 
hours  of  data  of  this  type  were  obtained,  in- 
cluding some  cases  in  which  hail  fell  at  the 
location  of  the  zenith-pointing  radar. 

2.  THE  9  JULY  OBSERVATIONS 

On  9  July  1973;    a  hailstorm  passed  over 
the  radar  located  at  Raymer ,   Colorado.     Kropfli 
and  Miller    (197^)    summarized  the   environmental 
conditions   for  this   storm  and  have   presented 
data  obtained  by  the  dual   Doppler  method  approxi- 
mately one  hour  prior  to  the   data  obtained  in 
the   zenith-pointing  mode.      During  the  period 
1725:55  to  1737:5*+  (MDT)   vertical  data  were 
acquired  by   the  Raymer   radar  while   the   second 
radar,    located  approximately   51  km  north,   was 
scanning   the  entire  radar  echo   in  azimuth 
sectors   at  elevation  angles   of  0  to  15  deg   in 
1  deg  steps.     Fig.   1  shows   the  10-cm  slant  range 
radar  reflectivity  contours  measured  by  the 
Grover  radar   for  the   start  and  end  of  the   3-cm 
radar   observations.      The   echo  motion  is   approxi- 
mately south  at  9  m  sec"1    during  this  period. 


Grover 
Radar 


v 


9  July  73 


1727    05     MDT 
3°  Elev. 


1736:31      MDT 
3°  Elev. 


30  km 

20,    30,  40,    50    dBz  Contours 

Figure  1.      10-cm  reflectivity  contours   from 
Grover  radar  near   start  and  end  of  3-cm  vertical 
observations.      The   slant  range  PPI's   are  taken 
near   cloud  base. 


Hail  fell. at  the  ground  immediately  after  the 
start  of  the  observation  period.      The  hail  was 
pea  sized,   mixed  with  rain,  with   a  few  larger 
stones  of  up  to  1.5  cm  in  diameter.      Data  were 
recorded  by  the  raster  scanning  radar   for  38*+ 
(16  azimuth  x  2k  range)   radar   resolution  cells 
for  each  fixed  elevation  step.     The   sequence  of 
elevation  steps  was   repeated  every  2.5  min.     The 
zenith-pointing  radar  acquired  data  at  2k  fixed 
height  locations,    and  a  spectrum  was  obtained  for 
each  height  location  at  about  100  times  per  minute. 
One  hundred  twenty-eight  radar  samples  were  used 
for  each  Doppler  spectrum  with   a  dwell  time  of 
0.065  sec.     The  radar  beamwidth  of  0.9  deg  pro- 
vided a  horizontal  resolution  of  less   than  250  m 
at  the  maximum  altitude.      The  radar  height  resolu- 
tion was  75  m.     The  heights   sampled  were   separated 
by  600  m  during   the  period  1725:55  to  1728:05  with 
the  lowest  height  gate   centered  at  U00  m  and  the 
highest   centered  at  lU.2  km.      From  1728:05  to 
1737:5*+  the  height  gates  were   spaced  by  300  m, 
with   the   closest  centered  at  U00  m  and  the  highest 
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at  7.5  km.  The  in-phase  and  quadrature  video 
signals  were  recorded  on  digital  magnetic  tape 
for  off-line  computer  analysis. 


9  July  73 


3.   ANALYSIS  PROCEDURE 

The  analysis  of  the  digitized  Doppler 
signals  was  performed  on  a  CDC  3800  at  NOAA/ERL 
(Boulder).   The  data  were  first  analyzed  using 
an  FFT  algorithm  to  obtain  the  power  density 
spectrum,  an  estimate  of  the  first  and  second 
moments  of  the  spectrum,  and  an  estimate  of 
the  average  returned  power.   The  vertical  data 
were  Fourier  analyzed  with  a  velocity  interval 
of  +8  to  -2U  m  sec    (positive  velocity  is  up- 
wards). Since  each  data  tape  contained  informa- 
tion for  104  Doppler  spectra,  automated  methods 
of  selecting  the  signal  spectra  from  the  signal 
plus  noise  were  used.   The  results  were  examined 
to  find  any  data  points  where  the  spectrum  was 
folded  or  where  the  automated  algorithms  failed 
to  properly  select  the  signal  spectrum.  The 
data  from  the  scanning  radar  were  analyzed 
using  methods  developed  for  processing  dual 
Doppler  radar  measurements . 

The  vertical  air  velocity,  w,  was  estimated 
by  correcting  the  measured  mean  Doppler  particle 
velocity,  V,  for  the  fall  velocity  V_,,  where 

V  is  an  estimate  of  the  mean  Doppler  velocity 

in  still  air.  V  was  estimated  using  the 

empirical  relation  V  =  2.6  Z  '    of  Joss 

and  Waldvogel  (1970)  as  suggested  by  Atlas, 
et  al.  (1973).   It  is  readily  seen  that  a 
simple  equation  involving  only  radar  reflec- 
tivity is  not  strictly  applicable  because  the 
radar  scatterers  are  of  a  rain-hail  mixture. 
The  terminal  velocities  of  hailstones  can  con- 
siderably exceed  those  of  raindrops  and  will 
be  dependent  on  the  hailstone  shape,  size,  and 
composition.   In  the  case  of  rain  alone,  the 
V_,-Z  relationship  should  yield  estimates  of  w  to 

within  ±  1  m  sec  _1  .   If  hail  is  present  the 
terminal  velocity  will  be  underestimated,  re- 
sulting in  an  overestimation  of  downdrafts  and 
an  underestimation  of  updrafts. 

Two-dimensional  wind  profiles  above  the 
zenith-pointing  radar  were  obtained  by  combining 
the  estimates  of  vertical  air  motion  obtained 
by  the  zenith-pointing  radar  with  radial 
velocity  estimates  from  the  scanning  radar.  The 
radial  velocity  estimates  were  corrected  for  the 
contribution  of  vertical  air  motion.   In  addi- 
tion the  scanning  radar  provided  detailed  radial 
velocities  and  reflectivity  estimates  for  the 
major  part  of  the  storm  echo. 

h.      RESULTS 

The  echo  motion  was    in  a  southerly  direc- 
tion 9  m  sec-1    during  the   observation  period. 
From  1725   to  1727,  when  hail  was   observed  at 
the  ground,    the  echo  tops  were  at  about   13  km. 
Although  the   10-cm  radar    (Fig.   1)   showed  the 
highest  reflectivity  regions  had  already  passed 
the   zenith-pointing  radar,    the   3-cm  scanning 
radar    (Fig.    2)   showed  the  highest  reflectivity 
region  of  the   storm  was   just   starting  to  pass 
the   zenith-pointing  radar.      This   discrepancy 
is  probably  due   to  the  averaging  of  the  10-cm 


1727:  24 
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20,  30,  40d8z  Contours 
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rA\\\1   ♦110-15)  msec" 
+  <l5-20)msec~ 


1728    56 
11°  Elevation 
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Figure  2.     Reflectivity  and  radial   velocity  fields 
measured  by   3-cm  scanning  radar.     Urmer   illustra- 
tion shows   fields  belcw  cloud  base   and  lower 
illustration  shows   fields  at  a  mean  altitude  of 
10  km   (AGL). 

data  which  tends   to   shift  the  echo  relative   to 
the  recorded  azimuth  angle.     From  1727  to  1735 
the  height  gates   used  did  not  extend  to  the  echo 
top  and  the  termination  of  the   updraft  was, 
unfortunately,   not  recorded. 

Examples   of  vertical  particle   velocities 
recorded  by  the   zenith-pointing  radar  are  shown 
in  Fig.    3-     Sixty- four  data  points   taken  over  a 
ho  sec   interval  while  hail  was  observed  are 
shown  for   3  heights    in  Fig.    3a-      In  the   upper 
trace  moderate   updrafts  are  observed  with  a 
particle  velocity  change   of  6  m  sec  x    occurring 
in  8  sec.      If  a  frozen  horizontal  translation 
of  9  u  sec"1    is   assumed,    the   corresponding  hori- 
zontal shear  of  the   updraft   is   8xl0~2    sec"1  . 
The  middle  trace   of  Fig.    3a  shows   data  from  the 
high   velocity  gradient  region  generally  between 
the   updraft  and  downdraft.     The  lower  trace  shows 
data  taken   in  the   downdraft  region.      Fig.    3b 
shows   data  taken  later   in  the  observation  period 
when  only  downdrafts  were  observed.     The   error 
bars   denote   the   standard  deviation  of  the  radar 
estimates   of  mean  velocity  calculated  from 


>£.     /n       1.6  ,    3  \ 
^i1         -     \2J 


used  by  Lhermitte  and  Miller  (19701  when  T_  is 

the  dwell  time  (O.O65  sec\  cr  is  the  average 
standard  deviation  cf  the  Doppler  spectra  and 
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p  is  the  signal-to-noise  ratio.   The  data  shown 
in  Fig.  3  indicate  that  for  these  observations, 
a  sampling  rate  of  about  1  sample  every  h   sec 
would  be  sufficient  for  meaningful  temporal 
resolution. 

Fig.  k   illustrates  profiles  of  vertical 
particle  velocity  taken  during  the  early  (Fig. 
Ua)  and  later  (Fig.  Ub)  parts  of  the  observa- 
tion period.   Particle  velocities  as  high  as 
+12  m  sec  x  (+  denotes  upward)  were  measured. 
The  strongest  updrafts  were  sometimes  observed 
in  only  1  height  gate.  It  is  evident  from  these 
data  that  the  spatial  resolution  of  the  data 
(600  m  height  spacing  for  the  period  1725  to 
1727)  is  not  sufficient  to  adequately  describe 
the  velocity  profile.  A  height  sampling  interval 
of  about  150  m  would  be  desirable.  Also  evident 
from  these  profiles  is  the  importance  of  measur- 
ing the  velocity  profile  to  the  top  of  the  echo 
as  some  updraft  regions  were  missed  from  1728  to 
1730. 

Fig.  2  shows  the  radial  velocity  and  reflec- 
tivity contours  observed  by  the  scanning  3-cm 
radar  during  the  first  part  of  the  observation 
period.   It  should  be  noted  that  the  scanning 
radar  was  observing  velocity  components  generally 


Figure  3b. 

Figure  3-   Vertical  particle  velocity  samples, 
early  (a)  and  late  (b)  in  the  observation  period. 

in  the  direction  of  the  echo  motion.   In  the  low 
levels,  1  deg  scan,  the  radial  velocity  fields 
from  the  scanning  radar  indicate  significant 
differences  from  the  flow  patterns  observed  by 
Kropfli  and  Miller  (197*+)  an  hour  earlier  in 
other  parts  of  the  storm.   The  horizontal  flow 
pattern,  even  though  difficult  to  infer  from  a 
single  radar,  is  generally  opposite  that  observed 
by  Kropfli  and  Miller,  particularly  in  the  SE 
region  of  the  echo.  When  an  echo  motion  of  9 
m  sec  1  is  removed,  the  low  level  flow  remains 
generally  toward  the  south.   This  may  be  chiefly 
due  to  the  influence  of  the  cell  25  km  SE  of  the 
storm  being  scanned.   The  11  deg  elevation  scan 
shows  the  upper  level  contours  in  the  updraft 
region  (mean  altitude  of  10  km)  and  here  the  wind 
direction  relative  to  the  ground  is  northerly 
indicating  that  the  tilt  of  the  updraft  is 
opposite  to  the  direction  of  motion  of  the  storm 
echo.  The  direction  of  the  tilt  is  substantiated 
by  Fig.  5  where  two-dimensional  wind  vectors  in 
a  vertical  plane  through  the  two  radars  are 
shown.   The  tilt  of  the  updrafts  is  toward  the 
north  while  the  low  level  winds  are  in  the 
direction  of  the  echo  motion.   The  upper  level 
flow  has  a  strong  northerly  component  relative 
to  the  echo  motion.  At  1731  the  strongest 
downdrafts  are  observed  in  the  trailing  edge  of 
the  high  reflectivity  region. 
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Figure  5.   Two-dimensional  wind  profiles  above 
the  zenith-pointing  radar  taken  in  a  vertical 
plane  through  the  two  radars . 
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Figure  Ub. 

Figure  h.  Vertical  particle  velocity  profiles, 
(a)  Profiles  when  strong  updrafts  were  observed 
and  (b)  later  in  the  observation  period. 


the  data  in  6a  indicates  the  updraft  region  may 
extend  below  this  altitude  prior  to  the  start 
of  the  observations.   The  highest  updrafts  occur- 
red at  8-10  km  (AGL)  and  were  occurring  at  the 
start  of  observations.  By  1728  the  updrafts  were 
diminishing,  although  at  1731  small  updrafts  were 
observed  at  7.3  km.   The  slope  of  the  0  velocity 
contour  in  Fig.  6a,  denoting  the  edge  of  the  up- 
draft region,  also  verifies  that  the  tilt  of  the 
updraft  is  toward  the  north.   If  the  updraft 
region  is  assumed  advecting  at  9  u  sec  1  then  the 
slope  of  the  updraft  is  70  deg  from  the  horizontal. 
The  largest  downdrafts  were  observed  when  the 
updrafts  were  terminating  and  occur  at  the  trail- 
ing edge  of  the  low  level  high  reflectivity  region. 

Both  Doppler  radars  provided  estimates  of  the 
variance  of  the  velocity  spectra.   These  data 
have  not  been  analyzed  in  detail;  however,  the 
data  confirm  that  a  significant  contribution  to 
the  variance  of  the  spectra  of  the  zenith-pointing 
radar  is  from  the  spread  of  fall  velocities.  The 
scanning  radar,  in  spite  of  having  much  larger 
pulse  volumes  (and  therefore  greater  shear  con- 
tribution to  the  spectral  width)  measured  smaller 
variances  in  the  lower  levels.   In  the  upper 
levels  the  scanning  radar  observed  high  variance 
in  the  updraft  regions.  A  horizontal  shear  of 
the  updraft,  as  inferred  from  the  data  in  Fig. 
3a,  would  contribute  a  variance  of  about  16 
m2  sec  2  to  the  spectral  width  of  the  zenith- 
pointing  radar.  This  value  is  typical  of  those 
observed. 

5.   SUMMARY 


Fig.  6  shows  the  estimated  vertical  wind 
Sit:cture  during  the  observation  period.  No 
updrafts  were  measured  below  5.6  km  (AGL)  although 


The  height  of  the  maximum  updraft  velocities 
observed  was  9  km  (AGL)  and  the  updraft  was 
tilted  opposite  the  direction  of  echo  motion. 
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Low  level  flow  relative  to  the  storm  was  in  the 
direction  of  echo  notion.   Horizontal  shear  of 
the  updraft  as  large  as  8x10  2  was  inferred. 
High  spectral  variance,  observed  in  the  region 
of  strong  updraf ts ,  is  being  investigated. 

The  desired  sampling  rate  for  a  zenith- 
pointing  Doppler  radar  is  about  1  velocity 
estimate  every  h   sec.   A  height  gate  every  150 
m  from  the  minimum  altitude  to  the  top  of  the 
echo  is  needed.   Data  taking  should  commence  as 
soon  as  the  radar  echo  is  observed  to  avoid 
missing  the  updrafts  in  the  weak  echo  region. 
The  eomoination  of  a  dual  Doppler  system  scan- 
ning in  coplane  over  a  r.enith-pointing  radar 
would  greatly  aid  in  the  interpretation  of 
storm  dynamics. 
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Figure  6.  Updraft  velocity  contours  estimated 
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Waldvogel  fall  velocity  relationship.   Horizontal 
distance  scale  assun.es  an  echo  motion  of  9  m  sec"1 
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Internal  Airflow  of  a  Convective  Storm  from 
Dual-Doppler  Radar  Measurements 

By  L.  J.  Miller1) 

Abstract 

The  dual-Doppler  radar  coplane  method  of  scanning  and  data  reduction  has  been  used  to 
determine  the  internal  airflow  and  radar  reflectivity  structure  of  a  convective  storm.  Cumulus  con- 
vection growing  in  a  moderately  sheared  wind  environment  resulted  in  a  nonsteady,  moderate 
intensity  thunderstorm.  Precipitation  fallout  and  downward  moving  air  are  found  downshear  of  an 
updraft  inclined  in  the  downshear  direction.  Rapid  storm  translation,  vertical  shear  of  the  ambient 
wind,  and  slow  subcloud  ascent  of  inflow  air  act  to  establish  this  observed  draft  configuration.  The 
absence  of  significant  cold  air  outflow  and  its  attendant  gust  front  at  the  surface  is  attributed  to  (i) 
appreciable  inflow  of  slow  moving  air  into  the  downdraft  at  the  middle  layers  and  (ii)  the  fact  that 
the  potentially  coldest  air  was  located  too  low  to  contribute  significantly  to  a  deep  downdraft 
circulation. 


7.  Introduction 

Several  investigators  (e.g.,  Browning  and  Donaldson,  1963;  Browning,  1964; 
Marwitz,  1973;  Chisholm,  1973)  have  been  able  to  infer  general  features  of  the 
internal  airflow  in  quasi-steady  severe  convective  storms.  Their  studies  have  relied 
heavily  on  identification  of  the  draft  locations  from  the  radar  echo  structure  along 
with  limited  information  about  the  nearby  environmental  airflow.  Schematic  models 
of  these  inferred  flow  features  have  emerged  from  such  efforts,  but  nothing  as  yet  very 
quantitative.  Furthermore,  these  kinematic  models  apply  only  to  the  steady,  mature 
stage  and  reveal  little  about  the  growing  stage  of  convective  storms.  The  spatial  and 
temporal  evolution  of  the  internal  airflow  has  therefore  remained  something  of  a 
mystery. 

Only  recently  have  detailed  quantitative  measurements  of  the  three-dimensional 
internal  kinematic  structure  of  convective  storms  been  possible  through  application 
of  multiple  Doppler  radar  techniques  (Miller  and  Frank,  1974;  Kropfli  and 
Miller,  1974,  1975a,  1975b;  Lhermitte,  1974).  Now  internal  airflow  and  reflectivity 
structure  revealed  by  the  Doppler  measurements  can  be  combined  with  knowledge  of 
the  storm  environment  to  determine  the  storm-environment  interactions.  We  no  longer 


')  NOAA/ERL/Wave  Propagation  Laboratory,  Boulder,  Colorado,  80302. 
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have  to  limit  our  studies  to  a  few  'well  organized'  storms;  we  can  now  broaden  our 
scope  of  understanding  to  the  variety  of  storms  that  nature  presents  to  us. 

Such  varied  studies  are  absolutely  essential  if  we  are  to  resolve  the  differences  (or 
similarities)  between  observations  and  theoretical  numerical  predictions.  Oftentimes 
numerical  models  (e.g..  Takeda,  1971;  Schlesinger,  1973a,  1973b)  predict  airflow 
configurations  that  are  qualitatively  similar  to  observations  yet  there  still  remain 
substantial  differences.  Now  that  reliable  measurements  of  kinematic  quantities  are 
available  and  are  taken  at  spatial  and  temporal  scales  comparable  to  those  of  numerical 
models,  more  joint  modeling-observational  investigations  are  clearly  needed. 


2.  Dual-Doppler  radar  scanning  and  data  reduction 

The  coplane  method  of  scanning  and  data  reduction  was  first  proposed  by 
Lhermitte  and  Miller  (1970).  Later  Miller  (1972)  recast  the  governing  equations  into 
a  cylindrical  coordinate  system  and  applied  these  equations  to  the  determination  of 
two-dimensional  quasi-horizontal  air  motion  within  a  snowstorm  that  occurred  on  the 
plains  just  east  of  the  Rocky  Mountains  in  Colorado.  This  preliminary  analysis  was 
later  extended  to  the  complete  three-dimensional  air  motion  by  Frisch  et  al.  (1974). 
Since  the  coplane  method  has  been  thoroughly  described,  including  error  estimation, 
by  Miller  and  Strauch  (1974),  only  a  brief  summary  of  the  technique  is  presented 
here. 

The  procedure  is  for  two  Doppler  radars  to  scan  simultaneously  a  common  plane, 
inclined  above  the  local  horizontal  and  passing  through  the  two  radar  positions.  Both 
radars  scan  the  storm  azimuth  sector  in  each  plane  using  range  gating  and  azimuthal 
increments  to  sample  the  signals  scattered  back  by  the  precipitation.  Figure  1  is  a 
schematic  representation  of  the  scanning  method.  By  sequentially  incrementing  the 
plane  angle  a  complete  three-dimensional  scan  of  the  entire  storm  volume  is  obtained 
in  a  short  period.  This  scan  time,  2  to  5  min,  is  a  function  of  the  storm  size,  desired 
spatial  resolution,  and  the  required  accuracy  of  the  Doppler  radial  velocity  estimates. 

Returned  signals  are  analyzed  for  average  return  power  and  mean  particle  radial 
velocity.  Fields  of  average  return  power  for  each  radar  are  converted  to  conventional 
radar  reflectivity  factor.  Two  radial  velocity  estimates,  one  from  each  radar,  are  com- 
bined after  interpolation  to  common  grid  points  to  give  a  two-dimensional  vector 
particfe  velocity.  This  field  is  then  reduced  to  air  motion  in  the  tilted  plane  by  subtrac- 
tion of  the  mean  still-air  fall  velocity  contribution  as  a  function  of  spatial  position.  In 
practice  this  contribution  is  estimated  from  an  empirical  power  law  relationship 
between  radar  reflectivity  factor  and  terminal  fall  velocity  (ATLAS  et  al.,  1973).  Airflow 
normal  to  the  plane  is  obtained  by  integration  along  the  coplane  angle  direction  of  the 
mass  continuity  equation  for  an  atmosphere  having  a  locally  steady,  horizontally 
homogeneous  density  field.  [In  Miller  and  Strauch  (1974)  the  incompressible  form, 
V  ■  P  =  0,  was  used.  It  has  been  found  that  for  the  heights  typical  of  deep,  moist 
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Figure  1 
Schematic  representation  of  Doppler  radar  coplane  scan  method  (from  Miller  and  Strauch, 

1974). 

convection,  failure  to  account  for  the  vertical  variation  of  air  density  results  in  a  10 
to  20%  bias  in  the  computed  vertical  air  motion.]  The  surface  boundary  condition 
requires  that  the  flow  component  normal  to  the  zero  degree  plane  be  zero.  These  three 
coplane  air  motion  components  are  then  reinterpolated  and  transformed  to  components 
at  Cartesian  grid  locations. 


3.  A  case  study 

A  thunderstorm  that  occurred  on  31  July  1973  northwest  of  the  NHRE2)  surface 
meso-network  in  northeast  Colorado  was  scanned  by  the  NOAA/WPL  dual-Doppler 
radar  system.  This  storm  never  reached  a  stage  of  evolution  that  could  be  considered 
truly  steady  state  or  severe,  but  it  provided  the  opportunity  for  an  in-depth  study  of  its 
convective  processes  and  their  temporal  behavior.  If  such  relatively  moderate  rain- 
storms are  omitted  from  our  investigations  of  convective  storms,  we  run  the  risk  of 
not  clearly  revealing  the  necessary  conditions  that  result  in  more  severe  convective 
storms.  Preliminary  results  on  this  particular  storm  have  been  presented  elsewhere 
(Miller  and  Frank,  1974;  Miller  et  al.,  1975).  Those  papers  covered  time  periods 
before  and  after  the  time  of  the  results  presented  here. 


a)  National  Hail  Research  Experiment,  sponsored  by  the  National  Science  Foundation  and 
managed  by  the  National  Center  for  Atmospheric  Research. 
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Environmental  conditions 

Early  in  the  day,  a  500  mb  ridge  was  located  over  the  western  United  States  with 
a  weak  trough  extending  from  the  Great  Lakes  to  the  Texas  Panhandle.  There  was  a 
weak  vorticity  maximum  over  Colorado  with  northwesterly  flow  aloft  at  a  speed  of 
25  m  sec" l.  Surface  dew  point  temperatures  in  excess  of  IOC  existed  across  the  NHRE 
surface  meso-network.  Deep  convection  was  possible  but  with  capping  near  200  mb. 
This  area  of  northeast  Colorado  is  relatively  flat  (ground  level  ~  1.5  km  above  mean 
sea  level)  and  produces  many  convective  hailstorms.  These  storms  are  generally  not 
accompanied  by  extremely  high  winds  or  tornadoes  and  are  usually  less  severe  than 
their  counterparts  further  east  on  the  High  Plains  of  the  United  States. 

The  rawinsonde  released  from  Grover,  Colorado,  at  1329  (all  times  MDT)  was 
used  to  determine  the  local  storm  environmental  conditions.  Since  Grover  was  about 
25  km  downshear  and  southeast  (low  level  relative  upwind  side)  of  the  storm,  the 
sounding  was  reasonably  representative  of  the  unperturbed  environment. 

From  the  sounding  (Fig.  2)  it  can  be  seen  that  a  10  mb  superadiabatic  layer  existed 


Grover,  Colo. 
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Figure  2 
Temperature  (7")  and  dew-point  tempera. ure  (7"d)  profiles  from  Grover  1329  MDT  radiosonde 
release.  Isotherms  (deg  Celsius)  are  the  thin  solid  lines  that  slope  upward  to  the  right  and  water 
vapor  mixing  ratio  (g/kg)  isopleths  are  the  dashed  lines,  8  and  9.  The  trajectory  of  parcel  ascent 
along  the  dry  (0  =  309K.)  and  the  moist  (0,  =  335K)  adiabats  is  shown. 
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at  the  surface.  Above  this  layer  the  atmosphere  was  nearly  dry  adiabatic  to  780  mb 
where  there  was  a  weak  temperature  inversion.  As  shown,  a  parcel  lifted  dry  adiabati- 
cally  from  the  surface  arrives  at  its  condensation  level  colder  than  the  environment. 
However,  such  negative  buoyancy  can  be  easily  overcome  by  the  conversion  of  poten- 
tial energy  to  kinetic  energy  of  the  parcel  in  the  region  below  the  inversion.  The  positive 
area  on  the  diagram  below  the  inversion  exceeds  the  negative  area  above  it  so  that  air 
can  be  carried  well  above  the  level  of  free  convection  (parcel  warmer  than  its  environ- 
ment) at  650  mb.  Continued  moist  adiabatic  parcel  ascent  above  this  point  would 
yield  a  parcel  temperature  excess  of  3.5C  at  500  mb.  Convection  on  this  day  was 
thermally  driven  rather  than  mechanically  forced.  This  distinction  is  important  because 
Marwitz  (1973)  reports  that  inflow  air  in  most  severe  storms  that  occur  in  this  area 
is  negatively  buoyant  below  cloud  base.  He  finds  that  significant  nonhydrostatic 
pressure  perturbations  are  needed  to  drive  the  updraft  below  cloud  base.  This  is 
certainly  true  for  his  case  studies  but  is  not  indicated  for  this  particular  storm. 

The  environmental  wind  sounding  showed  surface  winds  generally  from  the  south 
veering  to  northwesterly  above  the  observed  cloud  base  at  3  km  (all  heights  above  mean 
sea  level).  Subcloud  mean  winds  were  from  240  deg  at  3  m  sec-1;  cloud  layer  (from 
3  to  11  km)  mean  winds  were  from  305  deg  at  13  m  sec"1.  Midtropospheric  (3  to 
9  km)  environmental  wind  shear  had  a  magnitude  of  2.3  x  10~3sec-1  and  was 
oriented  along  275  deg.  There  was  an  elevated  layer  of  rather  slow  moving  air 
(~8m  sec-1)  centered  at  6  km.  If  this  low-speed,  middle-level  air  were  to  participate 
in  the  downdraft  circulation,  cold  air  outflow  might  have  low  horizontal  momentum. 

Normand  (1946)  first  emphasized  the  contribution  of  cold  dry  air  taken  into  con- 
vective  storms  at  upper  levels,  in  particular  the  downdraft,  for  maintenance  of  storm 
circulations.  Recent  schematic  models  (Newton,  1963;  Browning,  1964;  Fank- 
hauser,  1971)  have  re-emphasized  the  role  of  middle  level  potentially  cold  and  dry  air 
for  invigoration  of  the  downdraft.  For  this  case,  environmental  equivalent  potential 
temperature  (0e)  decreased  from  a  maximum  value  of  335K  at  the  surface  to  a  minimum 
of  320K  at  a  height  of  only  3.5  km.  Above  this  minimum,  9e  again  increased,  but  more 
slowly,  reaching  a  value  of  332K.  at  1 1  km  near  the  top  of  the  radar  echo.  The  poten- 
tially coldest  air  was,  therefore,  just  above  cloud  base  and  could  not  contribute  sig- 
nificantly to  a  deep  downdraft  circulation.  The  observed  internal  kinematic  structure 
will  be  shown  to  be  consistent  with  these  environmental  conditions. 

Radar  echo  evolution 

At  1402  the  first  observations  by  the  NHRE  10  cm  weather  radar  at  Grover, 
Colorado,  were  made  of  a  radar  cell  located  35  km  NNE  of  the  radar  site.  Because  this 
cell  was  partially  outside  the  range  of  the  3  cm  Doppler  radars,  their  operators  chose 
to  scan  a  new  cell  ~  25  km  SW  of  the  older  cell.  Figure  3  shows  three  quasi-horizontal 
(1.9  deg  constant  elevation  scans  from  Grover)  contoured  fields  of  radar  reflectivity  at 
times  1402:13,  1421:45,  and  1439:29.  At  these  ranges  from  Grover,  located  at  (0,  0) 
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Figure  3 

Constant  elevation  scans  near  cloud  base  and  vertical  slices  along  the  dashed  lines  (SW-NE)  of 

10  cm  radar  reflectivity  factor.  The  outer  contour  is  at  20  dBZ  and  the  interval  is  10  dBZ.  Grover, 

Colorado,  site  of  the  10  cm  radar  is  located  at  (0,  0).  Doppler  radar  data  are  oriented  in  the  SW-NE, 

NW-SE  coordinate  system,  time  1421:45. 


in  this  coordinate  system,  the  scans  are  very  close  to  the  cloud  base.  Contours  are 
dBZ  s  10  log  Zj \mms  m~3.  Note  that  there  are  two  small  regions  of  reflectivity  slightly 
higher  than  50  dBZ  in  the  northern  cell  at  the  two  earliest  times.  Reflectivity  in  vertical 
planes  oriented  SW-NE  were  synthesized  from  a  series  of  constant  elevation  scans  by 
the  Grover  radar.  At  1402:13  the  northern  cell  had  a  large  precipitation  overhang  on 
its  southwest  side.  By  1421:45  this  overhang  had  collapsed  and  the  southern  cell  was 
now  leaning  toward  the  northeast.  The  northern  cell  continued  to  dissipate,  and  by 
1439:29  the  two  cells  had  merged  into  one  storm  complex. 

The  northern  cell  had  been  moving  slowly  southward  at  about  4  msec-1  prior 
to  this  merging.  With  mean  low  level  winds  from  the  southwest,  low  level  air  entered 
the  northern  cell  on  its  right  forward  flank.  By  the  method  of  Marwitz  et  al.  (1972) 
this  side  was  tentatively  identified,  from  the  precipitation  overhang  and  large  horizon- 
tal reflectivity  gradient,  as  the  most  likely  location  of  the  updraft  for  the  northern  cell. 
Hence,  the  southern  cell,  which  was  scanned  by  the  two  Doppler  radars  and  for  which 
internal  flow  data  are  discussed  here,  grew  above  the  older  inflow  region.  Both  radar 
cells  continuously  propagated  into  the  area  between  them  and  eventually  merged. 

Internal  structure 

Before  the  two  radar  cells  merged,  four  successive  volume  scans  of  the  southernmost 
cell  were  made  with  two  Doppler  radars.  A  detailed  description  of  the  internal  airflow 
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at  an  earlier  time,  1416: 55,  was  presented  by  Miller  and  Frank  (1974)  and  some  of 
those  earlier  results  arc  used  here  to  contruct  a  more  complete  history  of  the  temporal 
evolution  of  the  southern  cell  before  merging. 

Displays  of  3  cm  radar  reflectivity  and  vertical  air  motion  are  shown  in  Figs.  4a-e 
at  various  horizontal  levels  of  the  storm  volume.  These  data  have  a  grid  size  of  600  m. 
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Figures  4a-e 
Horizontal  planes  of  3  cm  radar  reflectivity  and  vertical  air  motion  at  heights,  z,  above  mean  sea 
level.  The  outer  reflectivity  contour  is  20  dBZ  and  the  spacing  is  10  dBZ.  Up  and  downdrafts  are 

contoured  and  shaded. 
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Figure  4c 


Raw  radar  data  used  to  construct  these  fields  were  acquired  in  about  1\  min  centered 
at  1423:50.  In  the  subcloud  region  500  m  above  the  ground  (Fig.  4a)  the  downdraft 
was  rather  weak,  i.e.,  —2m  sec-1.  The  downdraft  was,  however,  more  intense  above 
this  layer,  reaching  a  magnitude  slightly  greater  than  12  rn  sec  —  1  at  9.5  km  near  the 
echo  top.  From  the  Thunderstorm  Project,  Byers  and  Braham  (1949)  reported  similar 
large  downdraft  speeds  high  in  precipitating  clouds  over  Ohio  and  Florida.  Such  large 
downdraft  speeds  may  be  due  in  part  to  the  descent  of  updraft  air  that  has  overshot 
its  equilibrium  level  near  the  storm  top.  At  no  level  was  the  downdraft  core  ever 
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located  within  the  highest  reflectivity  regions;  in  fact,  maximum  downdrafts  were 
consistently  located  near  the  edges  of  the  radar  echo.  With  precipitation  content  pro- 
portional to  reflectivity,  such  a  downdraft  location  indicates  that  cooling  by  evapora- 
tion at  the  edge  of  the  precipitation  shaft  was  more  important  than  gravitational 
loading  within  the  shaft  in  the  initiation  and  maintenance  of  the  downdraft. 
Schlesinger  (1973a)  indicated  a  downdraft  was  similarly  located  near  the  edge  of  the 
cloud  in  his  two-dimensional  model  of  deep,  moist  convection.  He  also  attributed  this 
location  to  the  dominance  of  evaporative  cooling  in  the  downdraft  circulation. 

Two  updraft  cores  with  speeds  greater  than  4  m  sec-1  are  found  above  cloud  base 
(Fig.  4b),  one  on  the  northern  end  of  the  cell  and  the  other  on  the  east  side  near  the 
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notch  in  the  reflectivity.  The  northern  updraft  is  believed  to  be  part  of  a  broader 
updraft  on  the  northwest  side.  The  protuberance  shown  on  the  10  cm  radar  display 
in  Fig.  3  at  1421 :  45  near  coordinates  (—  13,  22)  apparently  was  not  completely  scanned 
by  the  3  cm  Doppler  radars.  The  vertical  extent  and  persistence  of  the  echo  here  as 
observed  on  the  10  cm  radar  suggest  that  it  was  being  actively  supported  by  a  vigorous 
updraft.  This  draft  had  sufficient  downshear  tilt  (i.e.,  toward  the  southeast  at  increasing 
altitude)  for  the  edge  of  it  to  be  seen  in  the  Doppler  data,  particularly  at  7  km  (Fig.  4d) 
and  above.  If  the  precipitation  in  this  draft  had  been  supercooled  liquid  water,  which 

was  probably  not  the  case  (T  in  cloud 15C  at  7  km),  updrafts  (inferred  from 

reflectivity)  in  excess  of  9  m  sec-1  would  have  been  required  to  prevent  precipitation 
fallout.  This  is  only  a  rough  estimate  of  the  necessary  updraft  speeds  outside  the  area 
observed  since  insufficient  information  is  available  to  know  what  still-air  fall  speeds 
might  be  expected  if  the  precipitation  was  comprised  of  ice  (most  likely  graupel)  par- 
ticles. The  Doppler  results  show  the  updraft,  on  the  east  side,  to  be  the  more  vigorous 
reaching  a  value  slightly  in  excess  of  12  m  sec-1  at  9.5  km  (Fig.  4e).  Note  that  the  upper 
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levels  are  still  dominated  by  updrafts  which  indicates  that  the  cell  had  not  yet  begun 
to  decay.  This  updraft  was  rapidly  weakening  particularly  in  the  low  levels  as  seen  in  a 
subsequent  volume  scan  2\  min  later.  The  low  level  relative  flow  indicates  that  pre- 
cipitation was  continually  falling  into  air  that  eventually  entered  the  updrafts.  Some 
evaporative  cooling  would  be  expected  since  this  air  was  not  saturated  so  that  thermal 
buoyancy  would  decrease,  eventually  leading  to  decay  of  the  updraft.  As  the  draft  is 
shut  off  from  the  bottom,  reduced  speeds  would  be  found  later  at  ever  increasing 
altitudes. 


(v,m  sec"') 
N 
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In -Cloud 
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v£  =  4.0  m  sec" 


(u,  m  sec" ) 


Figure  5 
Hodograph  of  environmental  (solid)  and  in-cloud  (dotted)  airflow.  Lines  are  the  loeii  of  the  end- 
points  of  the  vector  winds.  Heights  are  in  kilometers  above  mean  sea  level  with  cloud  base  (CB)  at 
3  km.  The  echo  was  moving  toward  the  southeast  with  components  (uE,  vE). 

A  hodograph  of  the  environmental  winds  from  the  Grover  sounding  and  in-cloud 
winds  averaged  over  the  entire  horizontal  extent  of  the  southern  cell  is  shown  in  Fig. 
5.  In-cloud  horizontal  winds  closely  follow  the  environmental  wind  direction  but  they 
are  generally  slower  in  speed.  A  mean  echo  translation  from  305  deg  at  8  m  sec"1  must 
be  subtracted  from  flow  relative  to  the  ground  to  obtain  flow  relative  to  the  southern 
radar  cell.  This  cell  translation  is  dramatically  different  from  that  of  the  northernmost 
cell  which  was  from  360  deg  at  3  m  sec-1.  Both  radar  cells  did,  nonetheless,  grow  in 
what  seems  to  be  the  same  environment,  most  notably  the  same  ambient  wind  field. 
Differences  in  the  internal  flow  configuration  relative  to  the  ambient  winds  may  have 
contributed  to  these  differences.  Further  research  is  clearly  needed,  particularly  com- 
paring the  internal  structure  of  severe  and  non-severe  convective  storms  and  how  the 
structure  is  related  to  environmental  conditions.  Such  comparisons  cannot  be  made 
here  because  of  missing  detailed  information  about  the  northern  cell. 

The  horizontal  displays  of  relative  flow  (Figs.  6a-e)  are  at  the  same  heights  as  those 
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of  the  reflectivity  and  vertical  air  motion.  The  outer  20dBZ  reflectivity  contour  has 
been  repeated  for  reference.  Outside  the  area  where  vertical  air  motion  was  computed 
with  t!:e  standard  coplane  method,  the  horizontal  air  motion  was  estimated  by  neglect- 
ing the  horizontal  contribution  of  the  air  motion  component  normal  to  the  plane.  Since 
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Figure  6a-« 
Horizontal  airflow  relative  to  the  moving  storm  at  heights,  z,  above  mean  sea  level.  The  outer 
20  dBZ  3  cm  reflectivity  contour  is  shown  for  reference.  Arrow  lengths  inside  the  radar  echo  are 

proportional  to  relative  wind  speed. 
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this  normal  component  enters  the  horizontal  estimate  weighted  by  the  sine  of  the 
original  tilt  angle,  the  contribution  of  a  10  m  sec-1  normal  component  is  at  most 
2  m  sec-1  at  the  angles  involved  (<  12  deg).  Reasonable  continuity  of  the  horizontal 
flow  across  the  transitional  area  where  estimates  were  obtained  by  the  two  slightly 
different  methods  suggests  that  the  contribution  was  generally  even  smaller  and  hence 
could  safely  be  neglected. 

The  airflow  at  cloud  base  (Fig.  6b)  and  the  airflow  at  2  km  (Fig.  6a)  were  essentially 
in  the  same  direction,  with  the  flow  at  cloud  base  being  somewhat  slower  on  the  average. 
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Air  approached  the  storm  from  the  right  front  flank.  Flow  reversed  direction  above 
cloud  base  and  nearly  paralleled  the  ambient  wind  through  the  rest  of  the  cloud  depth. 
At  midcloud  (Fig.  6c)  the  confluence  line  is  mostly  a  reflection  of  the  horizontal  flow 
required  to  satisfy  mass  continuity.  Midcloud  was  near  the  level  of  greatest  expected 
thermal  buoyancy  and  just  above  the  highest  reflectivity  values  so  that  the  updraft  was 
probably  being  invigorated  by  the  unloading  of  precipitation.  Beginning  at  7  km  near 
the  top  of  the  echo,  the  updraft  on  the  upshear  side  of  the  storm  began  diverging  as 
vertical  momentum  was  converted  to  horizontal  momentum  of  the  upper  level  outflow. 
At  9.5  km  (Fig.  6e)  the  main  precipitation  column  was  slightly  north  of  the  peak 
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Figure  6e 

divergence.  This  region  would  have  appeared  visually  as  a  cloud  turret  on  the  upstream 
side  of  the  storm  opposite  the  anvil  outflow  side. 

Vertical  planes  containing  reflectivity  contours  and  relative  airflow  in  these  planes 
are  shown  in  Figs.  7  and  8.  These  views  are  oriented,  respectively,  along  (NW-SE)  and 
normal  (SW-NE)  to  the  in-cloud  mean  airflow  direction.  The  direction  of  the  mid- 
tropospheric  environmental  wind  shear  vector  is  30  deg  to  the  left  of  the  NW-SE  plane 
when  looking  in  the  downwind  (to  the  right  in  Fig.  7)  direction.  Each  plane  has  its 
horizontal  distances  measured  from  the  intersection  of  the  dashed  lines  in  Fig.  3  or 
the  (0,  0)  coordinate  of  Figs.  4  and  6. 

The  most  striking  feature  of  the  relative  airflow  along  the  mean  flow  direction 
(Fig.  7)  is  the  existence  of  two  horizontal  vortices  rotating  in  the  same  direction.  Note 
also  the  severe  upshear  tilt  of  the  updraft  in  the  subcloud  region.  Above  cloud  base  both 
updraft  and  reflectivity  slope  downshear,  with  downdraft  and  precipitation  located 
on  the  downshear  side  of  the  updrafts.  The  air  near  4  km  had  a  small  horizontal 
relative  speed  across  the  storm.  Recall  that  equivalent  potential  temperature  in  the 
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environment  was  lowest  at  3.5  km.  The  potentially  coldest  air,  therefore,  could  not 
overtake  the  storm  and  therefore  could  not  participate  in  the  downdraft  circulation 
except  through  turbulent  mixing  at  the  cloud  boundaries.  As  previously  stated,  no 
vigorous  downdraft  was  found  in  the  lower  half  of  the  storm. 

Rapid  translation  of  the  storm  core  downshear  meant  that  the  cloud  tended  to 
overtake  the  low  level  inflow  air  before  this  air  had  ascended  to  cloud  base.  At  a  storm 
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Figures  7a-b 
Vertical  planes  of  3  cm  radar  reflectivity  (a)  and  relative  airflow  (b)  in  the  plane  oriented  (left-to- 
right)  along  the  mean  flow  direction.  Arrow  lengths  are  proportional  to  relative  wind  speed. 
Relative  streamlines  (dashed  lines)  approximate  the  flow  on  the  upshear  side  of  the  storm.  Cloud 

base  is  shown  at  3  km. 

translation  speed  of  8  m  sec-1,  the  low-level  air  would  be  approaching  the  updraft 
at  a  relative  speed  of  nearly  10  m  sec-1.  With  an  average  subcloud  lifting  of  about 
2  to  4  m  sec-1  air  would  reside  in  the  subcloud  region  for  some  400  to  700  sec.  Air 
lifted  at  cloud  edge  would  then  move  horizontally  4  to  7.5  km  relative  to  the  storm.  At 
a  reduced  ascent  rate  of  1  to  2  m  sec-1  this  air  would  enter  cloud  -base  even  nearer 
the  back  of  the  radar  cell.  These  ascent  rates  and  draft  locations  are  reasonably 
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consistent  with  the  observed  updrafts  at  6  and  14  km  from  the  leading  edge  20dBZ 
reflectivity  contour.  Rain  was  continually  falling  into  subcloud  air  during  its  horizontal 
traverse  thereby  lowering  its  temperature  and  raising  its  water  vapor  mixing  ratio 
through  evaporation.  The  storm  was  moving  too  fast  for  the  drafts  to  be  located  near 
the  forward  flank  in  the  same  manner  as  those  found  in  the  schematic  models  of  severe 


(SW)-4  0  4  8  10    (NE) 

Horizontal  Distance  (km) 


10  (NE) 


Horizontal  Distance  (km) 


Figures  8a-b 

Vertical  planes  of  3  cm  radar  reflectivity  (a)  and  relative  airflow  (b)  in  a  plane  oriented  normal  to  the 

mean  flow.  The  viewer  is  looking  in  the  mean  upwind  direction.  Reflectivity  contours  on  the  right 

are  from  10  cm  radar  scans.  Dashed  streamlines  approximate  the  flow  outside  the  area  containing 

reliable  airflow  values.  The  broad  arrow  on  the  right  represents  a  decaying  updraft. 

convective  storms  previously  cited.  These  models  generally  show  an  updraft  rooted 
near  the  forward  flank  in  the  subcloud  region  and  inclined  upshear  through  a  sub- 
stantial depth  of  cloud  with  heavy  precipitation  and  downdraft  on  the  upshear  side  or 
on  a  lateral  flank  of  the  updraft. 

The  three-dimensional  character  of  the  vortex  associated  with  the  eastern  updraft 
is  seen  in  Fig.  8.  The  northern  cell  10  cm  reflectivity  configuration  has  been  added  to 
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show  its  position  at  the  time  of  the  Doppler  data.  Note  that  the  southern  cell  strongly 
leans  toward  the  older  cell.  For  this  reason  and  because  of  the  observed  updraft 
location,  it  is  probable  that  this  whole  area  between  the  cells  was  mostly  upward 
moving  air  at  one  time.  Weak  updrafts  might  still  exist  in  the  upper  levels  of  the 
northern  cell;  however,  nothing  but  downdrafts  should  be  found  in  its  low  layers  at 
this  time.  Precipitation  drag  aloft  coupled  with  decreased  thermal  buoyancy  below 
probably  led  to  the  rapid  decay  of  the  broader  updraft. 


Vertical  profiles  of  averaged  kinematic  quantities 

Areal  averages  of  several  kinematic  quantities  were  computed  at  each  horizontal 
level  of  four  successive  volume  scans  of  the  storm.  These  scans  were  centered  at  times 
1415:34,  1418:16,  1423:50,  and  1426:42,  henceforth  referred  to  as  times  A,  B,  C,  and 
D.  Such  averages  and  their  temporal  evolution  can  serve  as  input  data  in  the  param- 
eterization of  cumulus  convection  and  its  interaction  with  the  environment  in  larger 
scale  atmospheric  models.  However,  it  must  be  re-emphasized  that  these  computed 
averages  apply  only  to  the  regions  of  precipitation-sized  particles.  At  time  C,  the  aver- 
age horizontal  area  containing  precipitation  was  1 13  km2.  In  this  area,  horizontal  veloc- 
ity estimates  were  obtained  over  94  km2  and  vertical  velocity  estimates  were  obtained 
over  46  km2  which  included  26  km2  of  updrati  and  20  km2  of  downdraft. 

Average  divergences  of  the  horizontal  winds  are  shown  in  Fig.  9.  The  subcloud 
layer  shows  a  trend  from  convergent  flow  at  time  A  to  divergent  flow  at  time  D. 
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Figure  9 
Horizontal  wind  divergence  averaged  over  the  echo  area  at  each  vertical  height. 
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Environmental  air  was  converging  into  the  storm  through  much  of  the  cloud  depth  and 
spent  air  was  being  exhausted  above  8  to  9  km  into  the  anvil  outflow.  Note  that  the 
level  of  near-zero  relative  airflow  at  about  4  km  has  nearly  zero  divergence  which  gives 
credence  to  the  hypothesis  that  the  potentially  coldest  air  (9e  =  320K.)  was  able  to 
participate  in  the  downdraft  circulation  through  turbulent  mixing  at  the  cloud  bound- 
ary, but  not  through  substantial  relative  inflow. 

Relative  vorticity  profiles  (Fig.  10)  show  little  consistency.  Valid  observations  are: 
(i)  the  storm  rotated  generally  anticyclonically;  (ii)  vorticity  seemed  to  be  increasing 
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Figure  10 
Areal  averaged  vertical  component  of  relative  vorticity.  Positive  vorticity  is  associated  with  cyclonic 

rotation  about  the  vertical  axis. 


in  the  layer  3  to  6  km;  (iii)  vorticity  seemed  to  be  decreasing  in  the  layer  6  to  10  km. 
These  observations  are  tentatively  interpreted  as  implying  that  vorticity  is  being  locally 
generated,  redistributed,  and  destroyed.  More  intense  convective  storms  might  appear 
on  the  synoptic  scale  as  sources  or  sinks  of  environmental  relative  vorticity  (Reed  and 
Johnson,  1974);  however,  the  vorticity  profiles  are  too  variable  for  them  to  be 
conclusive. 

Mean  draft  profiles,  both  up  and  down,  at  each  of  the  four  times  are  displayed  in 
Fig.  11.  The  most  striking  feature  is  the  simultaneous  lessening  of  both  updraft  and 
downdraft  intensities  at  nearly  all  heights  through  time.  The  storm  seemed  to  function 
in  a  way  which  tried  to  maintain  locally  compensating  vertical  air  motions.  It  is  not 
presently  clear  whether  this  is  a  general  property  of  many  precipitating  convective 
storms  or  merely  a  property  of  this  particular  class  of  storm. 
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Figure  11 
Areal  averaged  drafts,  up  (right)  and  down  (left). 

Air  mass  and  moisture  flux 

Cloud  base  air  mass  and  moisture  flux  quantities  were  estimated  for  this  storm. 
The  limitation  of  having  updraft  speed  estimates  over  only  one-half  the  echo  area  at 
cloud  base  and  also  the  likelihood  of  major  updraft  flux  outside  detectable  echo  make 
the  flux  estimates  somewhat  suspect.  However,  every  effort  was  taken  to  ensure  that 
reasonable  adjustments  were  made  so  that  values  reported  here  are  at  least  within  a 
factor  of  two  of  the  true  values.  At  other  heights  similar  adjustments  could  not  be  made 
with  any  confidence  so  that  entrainment  rates  for  this  storm  could  not  be  computed. 
These  results  are  listed  in  Table  1  along  with  results  averaged  for  eight  hailstorms  from 
the  same  region  as  this  study,  and  small,  air-mass  thunderstorms  studied  in  the 
Thunderstorm  Project.  The  fluxes  reported  here  agree  fairly  well  with  the  air-mass 
thunderstorm  results  and  are  about  an  order  of  magnitude  smaller  than  the  flux  values 
of  the  hailstorm.  This  latter  point  in  itself  is  not  surprising;  however,  the  average 
updraft  speed  differs  from  the  hailstorm  by  a  factor  of  only  two  or  less.  On  the  other 
hand,  the  hailstorm  updraft  area  is  more  than  five  times  that  of  this  convective  storm 
(except  time  C).  This  suggests  that  severe  convective  storms  may  not  have  updraft 
velocities  much  more  intense  than  less  severe  storms.  However,  the  updraft  areas  may 
be  considerably  larger,  thereby  supporting  a  greater  flux  of  air  and  moisture. 

4.  Conclusions 

The  most  obvious  conclusion  that  emerges  from  this  study  is  that  oonvective  storms 
of  moderate  intensity  need  not  be  configured  in  the  same  way  as  their  more  severe 
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counterparts.  Whether  or  not  these  circulation  patterns  look  anything  like  the  growing 
stage  of  severe  storms  remains  uncertain.  In  the  cloud  layer  the  updraft  was  found  to 
tilt  downshear  with  the  bulk  of  the  precipitation  and  downdraft  located  on  its  down- 
shear  side.  A  relatively  slow  ascent  rate  under  a  fast-moving  storm  was  partially  respon- 
sible for  this  configuration.  The  air  moved  a  significant  horizontal  distance  beneath  this 
storm  before  it  entered  the  updraft.  The  updraft  was  forced  to  the  back  of  the  storm 
away  from  the  leading  cloud  edge.  It  may  be  that,  if  the  flow  reverses  direction  too  low  in 
the  storm,  there  is  insufficient  time  for  substantial  water  drop  growth  and  fallout  on  the 
middle  level  upshear  side  of  the  updraft.  Precipitation  must  then  fall  predominantly  on 
the  downshear  side  thereby  isolating  the  updraft  from  its  low-level  source  of  warm 
moist  air.  This  precipitation  does  not  necessarily  cause  the  downdraft  but  it  coincides 
with  it. 

These  observations  of  airflow  configuration  are  very  similar  to  theoretical  results 
Takeda  (1971)  obtained  in  a  numerical  experiment  on  the  effects  of  the  vertical  profile 
of  ambient  wind  on  a  precipitating  convective  cloud.  Though  some  of  the  assumptions 
in  his  model  may  be  somewhat  unrealistic,  the  resultant  draft  and  precipitation  con- 
figuration of  Takeda's  case  B3,  which  assumed  a  wind  profile  much  like  the  one  here, 
are  most  like  the  present  observations. 

Substantial  inflow  of  the  potentially  coldest  air  in  the  midtroposphere  seems  to  be 
necessary  for  vigorous  lower  level  downdrafts.  Weak  relative  airflow  at  the  level  of 
lowest  equivalent  potential  temperature  apparently  prevented  this  air  from  entering 
the  storm  circulation  in  significant  amounts.  Furthermore,  precipitation  drag  did  not 
seem  to  be  important  to  the  initiation  or  maintenance  of  the  downdraft.  The  region  of 
significant  convergence  of  environmental  air  into  the  storm  was  characterized  by 
relatively  slow  moving  air.  This  air,  believed  to  have  participated  in  the  downdraft 


Table  1 

Air  and  moisture  flux  estimates  at  cloud  base  for  this  study  (rows  A-D),for  average  of  8  NE  Colorado 
hailstorms  (Auer  and  Marwitz,  1968),  and  for  small  air-mass  thunderstorms  (Braham,  1952,  as 

cited  in  Auer  and  Marwitz) 


Type 


Updraft  Updraft  Air  mass  flux         Moisture  flux 

Time        speed  (m  sec " l)         area  (km2)t)       (10skgsec_1)        (108  kg  sec-1)t) 


Present 

A 

2.8 

B 

2.7 

C 

1.8 

D 

0.8 

Hailstorm 

4.0 

Air-mass 

? 

thunderstorms 

12 

>  30 

>  0.2 

12 

>  30 

>  0.2 

40 

>  60 

>  0.4 

15 

>  10 

>  0.1 

85 

310 

3.1 

? 

50 

0.6 

t)  For  the  present  study  this  is  the  adjusted  area  so  that  flux  quantities  must  be  considered  as  a 
lower  bound  to  the  true  flux. 

X)  Moisture  flux  for  the  present  study  was  computed  using  a  mean  subcloud  water  vapor  mixing 
ratio  of  8  g/kg. 
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circulation,  had  insufficient  horizontal  momentum  on  arrival  at  the  surface  to  generate 
a  surface  gust  front 
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1 .      INTRODUCTION 

On  31  July  1973,  a  thunderstorm  complex 
developed  along  the  Nebraska-Wyoming  border  and 
moved  toward  the  south  at  ~  k   m  sec  1 .  While 
the  complex  was  centered  ~  20  km  north  of  Grover, 
Colorado,  the  storm  was  observed  by  both  NCAR 
and  University  of  Wyoming  aircraft  as  well  as  by 
two  NOAA/WPL  Doppler  radars.  These  data  systems 
along  with  the  mesonet  and  rawinsonde  networks 
were  operating  as  part  of  NHRE*. 

Miller  and  Frank  ( 197*0  have  synthesized 
a  portion  of  the  dual-Doppler  data  and  some  of 
the  chaff  data.   Their  analysis  was  concentrated 
on  an  earlier  time,  lUlU-19  (all  times  MDT)  when 
the  thunderstorm  complex  consisted  of  the  original 
storm  plus  a  newly  formed  radar  echo  located  ~  15 
km  SW  of  the  original  cell.  By  1530  the  new  cell 
dominated  the  local  circulation  and  the  original 
cell  had  dissipated.   In  this  paper  the  data  are 
centered  at  1M+3.  A  complete  synthesis  of  the 
available  storm  data  is  planned  for  the  near 
future. 


2.1 


DATA  SYSTEMS 


Rawinsondes  and  Mesonet 


When  research  aircraft  were  flying, 
rawinsondes  were  released  at  ~  90  min  intervals 
beginning  at  1200  from  5  stations  in  the  NHRE 
operational  area.  The  westernmost  station  was 
Grover  (GR£))  where  the  NHRE  headquarters  was 
located.  Mesonet  stations  located  at  each  of 
the  rawinsonde  sites  recorded  temperature, 
relative  humidity,  pressure,  wind  speed  and 
direction  on  analog  strip  charts.  The  instru- 
ments were  carefully  calibrated  on  a  daily  basis. 


2.2 


NCAR  Queen  Air  (N30UD) 


The  NCAR  Queen  Air  (N30UD)  aircraft  data 
system  recorded  the  state  parameters  of  pressure, 
temperature,  and  dew  point  plus  horizontal  winds 
using  a  Doppler  navigation  system.  From  cali- 
bration flights  the  derived  parameters  of  equiva- 
lent potential  temperature  (8  ),  potential  tem- 
perature (6)  and  mixing  ratio  (w)  were  determined 
to  be  accurate  to  ±  0.6  K,  ±  0.U  K,  and  ±  0.2 
gm/kg,  respectively.   The  vector  error  of  the 
horizontal  wind  was  shown  to  be  ~  1  m  sec"1 
(Biter  et  al. ,  197U  and  Duchon,  1973).  The  hori- 
zontal wind  data  were  filtered  as  described  by 
Foote  and  Fankhauser  (1973). 


♦National  Hail  Research  Experiment  sponsored 
by  the  National  Science  Foundation  and  managed 
by  the  National  Center  for  Atmospheric  Research. 


N30UD  was  flown  at  constant  pressure 
(776  mb)  and  along  a  series  of  constant  headings 
in  such  a  manner  that  the  visual  cloud  boundary 
was  circumnavigated  3  times  during  the  period 
IU30  to  1550.   Data  from  the  first  circuit 
(IU32-56)  are  presented  here.   The  pressure 
altitude  (2.3  km  MSL  or  0.7  km  AGL)  was  approxi-. 
mately  midway  between  ground  and  cloud  base. 
When  an  aircraft  is  flown  at  constant  pressure 
altitude,  heading  and  manifold  pressure,  the 
increasing  and/or  high  values  of  true  airspeed 
(TAS)  are  indicative  of  ascending  air  motion 
and  decreasing  and/or  low  values  of  TAS  are 
indicative  of  descending  air  motion.   Since  the 
manifold  pressure  was  not  recorded,  it  was  not 
possible  to  quantify  the  vertical  air  motion. 
High  and  low  values  of  TAS  were,  therefore,  only 
qualitative  indicators  of  ascending  and  descend- 
ing air  motion,  respectively. 

2.3     Wyoming  Queen  Air  (10UW) 

The  Wyoming  Queen  Air  (10UW)  began  flying 
in  the  updrafts  at  lUlO  and  continued  until  after 
1600.   The  accuracies  of  the  state  parameters 
were  essentially  the  same  as  301+D's.   In  1973  the 
10UW  had  no  capabilities  for  measuring  horizontal 
winds.   However,  the  aircraft  and  computer  con- 
trolled digital  data  system  did  contain  several 
features  which  were  quite  useful  when  flying  in 
the  updrafts  near  cloud  base.  These  were  as 
follows:   an  event  system  capable  of  recording 
10  separate  events  for  each  crew  member;  a  real- 
time data  display  of  corrected  and  derived  state 
parameters  which  included  6,9,  and  w;  a  chaff 

port  for  releasing  individual  packets  of  slow 
fall  (~  0.3  m  sec^  )  chaff  into  a  parcel  of  air 
whose  state  parameters  were  measured  and  a  storm 
avoidance  X-band  radar. 


2.U 


Chaff  Data 


The  track  of  a  slow  fall  chaff  packet 
has  been  shown  to  be  the  trajectory  of  an  air 
parcel  whose  initial  state  parameters  are  known 
(Marwitz,  1973).   The  procedure  consisted  of 
automatically  tracking  10UW  in  the  range  gate  of 
an  M-33  track  radar  ( X-band)  located  at  GR0. 
When  the  chaff  was  released,  the  range  gate  was 
stopped  by  the  radar  operators  for  a  few  seconds 
while  the  aircraft  flew  away  from  the  chaff.  The 
radar  operators  then  reacquired  the  chaff  and 
returned  the  radar  to  the  automatic  tracking  mode. 
Beginning  in  1973  the  x,  y,  and  z  positions  of  the 
range  gate  were  recorded  on  tape  at  5  sec  intervals. 
Prior  to  1973  the  spherical  coordinates  of  the 
chaff  were  manually  recorded  at  30  sec  intervals. 
The  analog  resolvers  in  the  M-33  made  the  conver- 
sion from  spherical  to  Cartesian  coordinates.  Each 
recorded  position  of  the  chaff  was  plotted  and  a 
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smoothed  curve  was  fitted  by  eye  to  the  data. 
The  data  were  clearly  superior  to  previous  chaff 
data. 

2.5     NOAA/WPL  Dual-Doppler 

The  two  NOAA/WPL  3  cm  mobile  Doppler 
radars  were  located,  respectively,  30  km  east 
and  60  km  southeast  of  the  storm  complex  center. 
Several  three-dimensional  scans  of  the  storm 
cells  were  made  starting  at  lUlU  and  ending  at 
15^7 .   Reported  here  are  results  from  the  time 
period  l^kl-1+6. 

A  detailed  discussion  of  the  dual-Doppler 
coplane  method  of  scanning  and  data  reduction  can 
be  found  in  Miller  and  Strauch  (I97U).  Briefly, 
the  procedure  is  for  2  radars  to  simultaneously 
scan  a  common  plane  passing  through  the  2  radar 
positions  and  inclined  above  the  local  horizontal. 
Each  radar  scans  the  storm  sector  of  each  plane  in 
a  range-gated,  azimuthal  increment  fashion.   The 
Doppler  shifted  return  signal  is  analyzed  for  mean 
particle  radial  velocity  and  return  power  esti- 
mates.  Two  radial  velocity  estimates,  one  from 
each  radar,  are  combined  with  the  mass  continuity 
equation  and  an  independent  estimate  of  mean 
particle  fall  velocity  to  obtain  3  air  motion 
components  in  a  cylindrical  coordinate  system. 
These  3  components  are  then  transformed  to  Car- 
tesian components. 


-M  -20  -10  8I0  10  20 

Horizontal  Distance  (km) 

Figure  la.  Composite  of  3  cm  radar  echo  at  5 
dB  contour  increments,  30UD  track  and  horizontal 
relative  winds,  Doppler  derived  internal  updrafts 
(0-1.5  m  sec-1  ),  regions  of  8  >  335  K,  and  plan 

views  of  3  chaff  tracks.   The  values  of  6  (upper 
left),  9  (upper  right),  and  w  (lower  left)  are 

shown  for  ll+OO  MDT  at  GRO  (0,  0).  Horizontal 
distances  are  from  GRO  with  north  at  the  top  of 
each  figure . 


3.      RESULTS 

3.1     Composite  Data 

Fig.  la  contains  the  9,8,  and  w  from 

GRO  at  l^OO,  the  track  and  relative  horizontal 
winds  from  30^D  and  the  3  cm  reflectivity  at  this 
level  (~  2  km  MSL) .  Segments  along  the  path  of 
30^D  and  regions  determined  by  10UW  measurements 
at  cloud  base  where  9  was  high  (6  >  335  K)  are 

delineated.  A  plan  view  of  3  chaff  tracks — IU28 
(2),  IU37  (3)  and  1505  (U)— relative  to  the  storm 
are  shown.  Regions  of  updraft  derived  from  the 
Doppler  data  are  presented  in  Fig.  la  and  hori- 
zontal relative  winds  are  contained  in  Fig.  lb. 

The  radar  data  are  located  1  km  below 
cloud  base  (3  km  MSL)  and  0.5  km  above  the  local 
ground  level  (1.6  km  MSL).   Contours  of  reflec- 
tivity are  at  5  dBz  increments  starting  at  15 
dBZ.  The  stippled  areas  in  Fig.  la  are  updrafts 
and  the  clear  areas  inside  15  dBZ  are  downdrafts. 
Only  weak  (<  1.5  m  sec  1)  drafts  are  evident  at 
this  level.   Note  the  close  proximity  of  areas  of 
high  6  to  the  internal  locations  of  the  updrafts. 

There  are  only  2  areas  of  significant 
divergent  flow  below  cloud  base  (Fig.  lb),  one 
region  on  the  west  flank  of  each  cell.   One  pos- 
sible explanation  for  the  absence  of  significant 
downdrafts  in  the  subcloud  layer  is  as  follows: 
As  will  become  evident,  this  storm  complex  was 
structured  such  that  the  precipitation  fell  out 
downwind  of  the  updraft.  Without  precipitation 
falling  into  cool,  dry  air  moist  adiabatic  descent 
of  downdraft  air  might  not  be  maintained.   The 
tendency  toward  dry  adiabatic  descent  of  the  in- 
truding middle  level  air  parcels  would  eventually 
lead  to  their  being  slightly  warmer  than  the 
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Figure  lb.   Relative  horizontal  air  motion  near 
the  flight  level  of  30*+D. 


environmental  air  at  lower  levels.  This  process 
would  decelerate  the  downdraft  implying  the  pos- 
sibility of  little  or  no  downdraft  at  the  surface. 
Such  an  argument  is  also  consistent  with  the  fact 
that  the  air  moved  horizontally  across  the  pre- 
cipitation zone  from  south  to  north  relatively 
undisturbed  (the  horizontal  momentum  was  nearly 
the  same  on  the  inflow  and  outflow  sides  of  the 
storm) . 
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3.2  GRO  Sounding  with  Chaff  Data 

Shown  in  Fig.  2  are  the  1329  GEO  sounding 
and  chaff-track  data.   The  subcloud  rawinsonde 
data  have  been  slightly  modified  to  be  consistent 
with  the  mesonet  data  from  GRO.   This  was  done 
because  of  the  excellent  calibration  of  the 
mesonet  data.   It  may  be  seen  that  30UD  was  fly- 
ing ~  10  mb  below  the  inversion  and  dry  layer 
at  765  mb.  Below  the  inversion  the  winds  were 
from  the  southwest  and  turned  to  the  northwest 
and  west  above  the  inversion.  Environmental 
wind  shear  of  2.UxlO  3  sec  1    existed  in  the  cloud 
layer.   The  3  packets  of  chaff  were  released  in 
air  which  originated  from  near  the  surface  and 
which  had  up  to  2C  of  negative  thermal  buoyancy. 
Two  of  the  packets  rose  to  5-5  km  MSL  before 
their  tracks  were  terminated.   Parcel  theory  (no 
entrainment)  predicts  ~  30  positive  buoyancy  at 
this  level.   The  maximum  updrafts  varied  from  6 
to  11  m/s  and  from  0.5  to  1.5  km  above  cloud 
base.   These  vertical  velocities  and  buoyancies 
of  the  chaff  are  similar  to  previous  such  data 
(Marwitz,  1973). 

3.3  Derived  Parameters  from  30^D 

Shown  in  Fig.  3  are  the  derived  parameters 
of  9  ,  9,  and  w  from  30UD  for  the  period  11+30 

to  1500.   The  "Begin"  and  "End"  times  for  the 
first  circuit  by  30l+D  (see  Fig.  1)  are  indicated. 
The  periods  prior  to  1U36  and  after  ll+lt-U  have  high 
values  of  9  ,  while  the  period  from  IU36  to  lWt 


has  low  values  of 


The  high  values  of  9  in- 


dicate this  air  originated  from  near  the  surface, 

while  the  low  values  of  9  indicate  origination 
e  D 

from  above  cloud  base.   These  values  of  9  were 

e 

in  phase  with  TAS  with  the  highest  values  of 

both  parameters  being  observed  near  lU3'+.   The 

high  9  values  were,  therefore,  in  ascending 

air  and  the  low  values  were  in  descending  air. 

3.U    Doppler  Eadar  Besults 

Contours  of  reflectivity  are  shown  in 
Fig.  U  at  a  number  of  horizontal  levels  from 
cloud  base  to  near  the  top  of  the  radar  echo. 
Each  cell  is  tilted  toward  the  south  with  a 
significant  echo  overhang  on  the  SW  side  of 
the  southern  cell.  The  lines  marked  AA'  and 
BB'  are  locations  of  the  vertical  planes  shown 
in  Figs.  7  and  8.   Numbered  crosses  are  the 
relative  locations  of  chaff  packets  at  those 
heights.   The  eastern  side  at  the  upper  levels 
was  not  scanned  because  of  the  closeness  of  the 
storm  complex  to  the  radars. 
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Figure  2.  GRO  sounding  for  1329  and  chaff  data 
for  1U28,  1U37,  and  1505.   9,  w,  and  p  are  noted 
for  each  air  parcel  in  which  chaff  packet  was  re- 
leased.  The  updraft  profiles  for  each  chaff  track 
are  presented  on  the  same  vertical  scale  as  the 
GRO  sounding.   The  data  are  spaced  at  1  min 
intervals  along  the  chaff  tracks. 
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Vertical  air  motion  is  displayed  in  Fig. 
5  at  the  same  heights  as  the  reflectivity. 
Several  important  features  of  the  vertical  air 
motion  are  evident.  The  largest  updraft  values 
as  determined  from  chaff  trajectories  are  found 
outside  the  15  dBZ  contour.   Downdrafts  are 
found  near  the  edges  of  rather  than  within  the 
precipitation.   This  seems  to  be  a  consequence 
of  evaporative  erosion  of  the  precipitation 
boundaries.   The  up/downdrafts  were  never  struc- 
tured in  a  way  that  middle  level  dry  air  could 
have  moved  very  far  into  the  precipitation  before 
evaporation  began  to  cool  the  air  and  initiate 


Figure  3.  Analog  traces  of 
30UD  during  first  circuit. 


9,  and  w  from 


the  downdraft.   The  >  8  m  sec  x    updraft  speeds  in 
the  northern  cell  (7-5  km  MSL)  are  associated  with 
an  updraft  located  upshear  of  the  cell  and  tilted 
in  the  downshear  direction.   Chaff  packet  2  did 
indeed  overtake  the  storm  even  though  it  was  re- 
leased NW  of  the  cells  moving  southward.   Non- 
hydrostatic  pressure  gradients  must  have  existed 
here  to  accelerate  the  air  to  enable  it  to  over- 
take the  storm. 
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There  is  a  rather  abrupt  transition  in 
the  relative  flow  from  southerly  below  to  west- 
erly above  cloud  base  as  seen  in  Fig.  6.  Anti- 
cyclonic  vorticity  (-3.5xl0~3  sec  x )  is  found 
near  the  middle  of  the  U.5  km  MSL  level.  Cyclonic 
vorticity  (UxlO-3  sec-1)  is  located  south  of  the 
anticyclonic  vortex.  These  vortices  have  nearly 
vertical  axes  and  maintain  the  same  magnitude  of 
vorticity  through  much  of  the  echo  above  cloud 
base. 

There  is  divergent  flow  at  cloud  base  on 
both  the  NE  and  NW  sides  of  the  northern  cell. 
These  outflow  regions  are  well  correlated  with 
the  lower  8  values  at  times  1U36  and  lW+2 

(Fig.  3)  on  the  3C4D  circuit.   Cloud  base  is 
about  the  lowest  level  of  any  appreciable  down- 
drafts. 

Vertical  slices  of  reflectivity  and  air 
motion  in  the  plane  along  AA'  are  shown  in  Fig. 
7.   The  20  dBZ  contour  is  repeated  in  Fig.  7  for 
easier  reference.  Fig.  8  (vertical  plane  along 
BB')  shows  the  downshear  tilt  of  the  updraft 
outside  the  20  dBZ  contour  (chaff  packet  2). 
Extrapolation  of  this  chaff  trajectory  places  it 
in  good  agreement  with  the  internal  flow  pattern. 


h.  CONCLUSIONS 

a.  Subcloud  inflow  into  the  storm 

The  data  from  the  GRO  rawinsonde 
(Fig.  2),  from  N30UD  (Figs.  1  and  3)  and  from 
10UW  (Fig.  1)  rather  clearly  show  that  the  air 
feeding  this  storm  had  its  origin  from  near  the 
surface  and  was  entering  the  storm  on  the  up- 
shear  (W  to  NW)  side  of  the  storm.  The  rawin- 
sonde and  10UW  data  indicated  that  the  air  at 
cloud  base  was  negatively  thermally  buoyant  by 
1  to  2C  and  yet  the  chaff  continued  to  rise. 
Marwitz  (1973)  and  Foote  and  Fankhauser  (1973) 
have  noted  similar  negative  buoyancies  at  cloud 
base.  Grandia  and  Marwitz  (1971*)  have  shown 
that  the  chaff  rises  in  the  presence  of  negative 
thermal  buoyancies  due  to  a  positive  vertical 
pressure  perturbation  gradient.   The  existence 
of  such  perturbations  may  also  affect  the  hori- 
zontal motions  of  the  chaff.   It  may  be  noted 
that  the  earliest  chaff  packet  (IU28)  moved 
toward  the  SE  even  though  its  original  momentum 
was  toward  the  NNW.  The  chaff  packets  released 
at  IU37  and  1505  continued  to  move  toward  the 
NNW  even  though  environmental  air  above  cloud 
base  was  from  the  opposite  direction.  A  lack 
of  form  and  entrainment  drag  and  an  effect  from 
pressure  perturbations  are  indicated  for  this 
storm. 

b.  Internal  Structure 

There  are  k   important  observations 
in  the  Doppler  data: 

1)  Precipitation  falls  out  down- 
shear  from  a  downshear-tilted  updraft  rather 
than  upshear  from  an  upshear  tilted  updraft. 

2)  No  significant  downdraft  speeds 
are  found  near  or  below  cloud  base. 


-10  0  10  20 

Horizontal   Distance  (km) 

Figure  k.     Horizontal  planes  at  k   levels  starting 
at  cloud  base  (3  km  MSL)  and  spaced  by  1.5  tan  of 
3  cm  reflectivity  (dBZ)  and  chaff  positions  at 
these  levels.  The  lines  AA'  and  BB'  are  the  loca- 
tions of  the  vertical  planes  shown  in  Figs.  7  and 
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Figure  5.   Vertical  air  motion  at  the  same  levels 
as  Fig.  h.     The  numbers  in  parentheses  are  chaff 
derived  vertical  air  motions  at  (or  near|  these 
levels.  The  contour  interval  is  2  m  sec   . 
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Figure  6.   Relative  horizontal  air  motion  at  the 
levels  of  Fig.  h.      The  numbered  vectors  to  the 
west  are  chaff  derived  relative  horizontal  air 
motions. 
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3)   Air  in  the  lowest  500  m  moves 
horizontally  across  the  storm  relatively  un- 
disturbed. 

k)      Air  is  only  weakly  lifted  out 
of  the  subcloud  layer  as  evidenced  by  small 
(<  1  m  sec   )  updrafts  in  this  layer. 

The  up  and  downdrafts  appear  not  to  be 
configured  in  a  way  which  allows  the  usual  more 
severe  storm  to  develop  (Browning,  I96U;  Kropfli 
and  Miller,  1975;  Marwitz,  1972).   An  updraft 
which  tiltt.  downshear  will  have  precipitation 
falling  out  on  the  downshear  side.  This  con- 
figuration dc°s  not  permit  fallout  into  intrud- 
ing dry  middle  level  air.  Evaporative  cooling, 
therefore,  did  not  produce  a  strong  downdraft. 

Such  a  storm  configuration  as  observed 
here  would  at  first  glance  require  that  the 
storm  not  advect.   Pressure  perturbations  could, 
however,  accelerate  the  air  locally  so  that  it 
can  overtake  the  storm  as  the  storm  moves  in 
the  general  downshear  direction.   This  over- 
taking is  clearly  shown  in  the  trajectory  of 
the  chaff  released  at  1^28.   In  addition,  air 
can  move  beneath  and  through  the  precipitation 
and  still  be  lifted  in  the  backside  (relative 
to  the  storm  motion)  as  shown  in  the  Doppler 
data  at  500  m  AGL.  The  relatively  moist  layer 
beneath  the  765  mb  temperature  inversion  may 
have  played  a  role  in  this  process. 
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Figure  8.   The  same  as  Fig.  7  except  along 
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INTRODUCTION 


In  recent  years  multiple  Doppler  radar 
systems  have  emerged  as  instruments  capable  of 
revealing  the  detailed  air  motion  structure 
within  convective  precipitating  weather  systems. 
Knowledge  of  these  in-cloud  wind  fields  is  pre- 
requisite to  any  complete  understanding  of  the 
dynamical  and  many  of  the  microphysical  pro- 
cesses occurring  in  convective  storms.  A  dual 
Doppler  technique  of  radar  scanning  and  data 
reduction  (Miller  and  Strauch ,  197'+)  has  been 
successfully  used  by  the  Meteorological  Radar 
Program  of  this  laboratory  in  air  motion  studies 
for  the  past  two  years . 

During  the  1973  summer  field  program  of  the 
National  Hail  Research  Experiment*  (NHRE),  two 
3-cm  mobile  Doppler  radars  were  located  in  the 
NHRE  project  area  in  Northeastern  Colorado.   On 
31  July  a  nearly  stationary  storm  complex  which 
developed  in  the  area  of  coverage  of  these 
radars  was  scanned  for  about  1-1/2  hr.   Air 
motion  and  radar  reflectivity  fields  obtained  in 
a  5  min  period  of  new  growth  on  the  right  flank 
of  an  older  cell  are  presented  here.  Additional 
data  throughout  the  lifetime  of  this  complex 
exists  but  was  not  available  at  the  time  of  this 
writing. 

2.   DUAL  DOPPLER  SCANNING  AND  DATA  REDUCTION 

The  dual  Doppler  coplane  method  of  scanning 
and  data  reduction  is  described  in  detail  in 
Miller  and  Strauch  (197M ■  A  brief  summary  of 
the  technique  is  presented  here.   The  procedure 
is  for  two  radars  to  simultaneously  scan  a  common 
plane,  inclined  above  the  local  horizontal  and 
passing  through  the  radar  positions.   The  radars 
scan  the  storm  azimuth  sector  in  each  plane  using 
range  gating  and  azimuthal  increments. 

The  Doppler  return  signals  are  Fourier 
analyzed  for  estimates  of  the  mean  particle 
radial  velocities  within  the  pulse  volumes  of 
interest.   Two  such  estimates,  one  from  each 
radar,  are  combined  to  give  a  two-dimensional 
vector  particle  velocity.   This  field  is  then 
reduced  to  air  motion  in  the  plane  by  subtraction 
of  the  mean  fall  velocity  contribution  as  a 
function  of  position  and  radar  reflectivity 
factor.   Air  motion  normal  to  the  plane  is  obtained 
from  an  integration  in  cylindrical  coordinates  of 
the  mass  continuity  equation  for  an  incompressible 


atmosphere.   These  three  coplane  air  motion 
components  are  then  re-interpolated  and  trans- 
formed to  Cartesian  components  at  Cartesian 
grid  locations. 

The  major  assumptions  implicit  in  this 
dual  Doppler  data  reduction  technique  are: 

1)  Precipitation  particles  are  tracers 
of  the  air  motion. 

2)  Particle  fall  speeds  can  be  estimated 
from  the  radar  reflectivity  factor  with  suf- 
ficient accuracy. 

3)  Linear  interpolations  of  measured 
values  to  common  grid  locations  are  valid. 

h)     The  mass  continuity  equation  for  an 
incompressible  atmosphere  is  applicable  at  the 
scale  sizes  and  heights  observed  by  the  radars. 

5)  The  velocity  fields  are  stationary  for 
the  scan  time  (~  2-1/2  min  for  this  study)  of 
a  series  of  tilanes  covering  the  vertical  extent 
of  the  radar  echo. 

3.   SYNOPTIC  SITUATION  AND  STORM  ENVIRONMENT 

On  the  morning  of  31  July  1973,  a  500  mb 
ridge  was  located  over  the  western  United  States 
with  a  trough  extending  from  the  Great  Lakes  to 
the  Texas  Panhandle.   There  was  a  weak  vorticity 
maximum  over  Colorado  with  northwesterly  flow 
aloft  at  a  speed  of  25  m  sec  1 .   Surface  dew 
points  across  the  NHRE  network  were  in  the  mid- 
dle to  upper  50' s.   Deep  convection  was  possible 
but  with  sharp  capping  near  200  mb . 

The  rawinsonde  released  from  Grover, 
Colorado,  at  1329  (all  times  MDT)  is  used  to 
define  the  storm  environmental  conditions .   The 
surface  temperature  was  70  deg  F  with  a  dew 
point  temperature  of  5*+  deg  F.   An  approximately 
10  mb  thick  superadiabatic  layer  existed  at  the 
surface  (8^2  mb )  with  a  nearly  adiabatic  layer 
above  it  to  710  mb .   Observed*  cloud  base  was 
indeed  at  711  mb  or  near  3  km  MS L.   The  surface 
water  vapor  mixing  ratio  was  10.7  g/kg  and  the 
subcloud  layer  average  mixing  ratio  was  6.75 
g/kg- 

Low  level  winds  were  light  and  variable 
from  an  average  direction  of  260  deg  and  speed 
of  3  m  sec  1  in  the  subcloud  layer.  Winds 
veered  nearly  150  deg  in  this  layer.   Through 
the  depth  of  the  cloud  (,3  km  to  13  km  MS  L)  the 
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wind  speed  increased  from  3  m  sec  x  at  cloud  base 
to  25  m  sec  x  at  cloud  top.   This  amount  of  wind 
shear,  2.2xl0~3  sec"1,  and  light  winds  in  the 
subcloud  layer  are  characteristic  environmental 
conditions  which  lead  to  multicell  storm  forma- 
tion (Marwitz,  1972).   The  winds  in  the  cloud 
layer  backed  some  50  deg  with  height  indicating 
cold  air  advection  aloft. 

The  melting  level  was  at  it. 2  km  MSL  and  the 
-10  deg  C  level  was  at  5-6  km  MSL.  Cloud  top 
temperatures  were  colder  than  -50  deg  C.  A 
parcel  lifted  moist  adiabatically  from  cloud 
base  would  have  had  a  temperature  excess  of  6 
deg  C  at  the  500  mb  level. 

h.      STORM  EVOLUTION 

At  1200  there  were  towering  cumulus  NW  of 
Grover,  Colorado,  with  one  small  radar  echo  80 
km  to  the  NW.   By  I3U5  another  cell  amost  15  km 
in  diameter,  having  a  maximum  radar  reflectivity 
factor  of  i+5  dBz  (dBz  =  10  log  Z/l  mm6  m"3  )  at 
cloud  base,  was  located  33  km  north  of  Grover. 
Radar  locations  are  shown  in  Fig.  1  on  the  1U21 
slant  range  PPI  from  the  Grover  10  cm  radar.  The 
new  growth  to  the  southwest  of  the  older  northern 
cell  was  scanned  by  the  WPL  dual  Doppler  radar 
system  beginning  at  lUl^. 

The  echo  complex  was  moving  slowly  toward 
the  south  at  less  than  3  m  sec"1 ,  the  northern 
cell  had  a  low  level  relative  inflow  from  the  SW 
at  U.7  m  sec  1    towards  its  right  forward  flank. 
New  growth  began  at  about  I3U5  in  this  inflow 
region  and  is  shown  as  the  cell  SW  of  the  large 
cell  at  time  lU07:3!+  in  Fig.  2.  As  evidenced  by 
the  succeeding  cloud  base  slant  range  PPI's  from 
the  Grover  10  cm  radar,  growth  progressed  in  the 
downshear  direction*  at  a  rapid  rate  (~  11  m  sec"1  ) 
from  lhQ7   to  1422,  but  more  slowly  (~  k   m  sec"1 
overall)  after  this  time. 

The  dashed  lines  marked  1^27,  l!+37,  and  1505 
are  horizontal  trajectories  of  chaff  packets  re- 
leased from  the  Univ.  of  Wyoming  Queen  Air  air- 
craft frying  near  cloud  base.   These  chaff  results 
are  summarized  in  Table  I.   The  line  enclosing 
the  UWEE  (unbounded  weak  echo  region)  is  the 
expected  location  of  the  main  updraft  deduced 
from  the  radar  echo  structure.  However,  as  seen 
from  the  chaff  data,  updrafts  of  5-10  m  sec  1 
must  have  existed  well  outside  this  UWER.  By 
1500  the  new  precipitation  region  of  the  southern- 
most cell  had  partly  blocked  the  inflow  region  to 
the  northern  cell. 


5. 


VERTICAL  AIR  MOTION  AND  RADAR  REFLECTIVITY 
STRUCTURE 


Horizontal  fields  at  the  ground  of  radar 
reflectivity  factor,  horizontal  divergence,  and 
streamlines  inferred  from  the  Doppler  measure- 
ments are  shown  in  Fig.  3-  The  first  section 
(Fig.  3a)  is  centered  on  time  lUl5:2U  (A)  whereas 
the  second  one  (Fig.  3d)  is  centered  on  time 
lUl8:06  (B),  2  min,  U2  sec  later.  Contours  of 
radar  reflectivity  factor  are  at  5  dBz  incre- 
ments.  The  abscissa  is  nearly  parallel  to  the 
cloud  layer  mean  environmental  air  flow.  Stream- 
lines are  drawn  relative  to  the  ground  since  this 
individual  cell  had  no  discernible  advection, 
only  propagation  in  the  downshear  direction.  The 
cross-hatched  region  is  an  area  of  convergence 
and  as  such  delineates  the  base  of  the  updraft 
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Fig.    1.      Plan  view  of  radar  positions    in  NHRE 
project  area.      The   slant  range   PPI  showing  echo 
locations   and  dual  Doppler   scanning  area   is   from 
the  Grover  10-cm  radar  at  1U22. 
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Fig.  2.   Four  10-cm  radar  slant  range  PPI's  taken 
near  cloud  base.  Times  for  each  frame  are  marked 
near  Grover  (circled  X).  The  dashed  lines  1^27, 
IU37,  and  1505  are  horizontal  trajectories  of 
chaff  released  at  cloud  base.  The  unbounded  weak 
echo  region  (UWER)  is  the  expected  updraft  loca- 
tion deduced  from  the  radar  structure. 
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Fig.    3a.      1U15.2U  MDT    (A). 
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Fig.    3b.      lUl6:06  MDT   (B). 

Fig.    3.     Ground  level  Doppler   3-cm  radar  reflec- 
tivity contours,   air  motion  streamlines,   and 
convergence   zone    (cross-hatched)   at  times    (A) 
and   (B). 

which  protrudes    into  the  region  of  precipitation. 
Only  a  small  portion  of  the  main,    approximately 
10  km  diameter,   updraft  had  sufficient  radar 
return  to  be   detected. 


At   time    (A)    the  maximum  convergence   at  the 
surface  was  lOxlO"^    sec-1    and  was   located  near   the 
top   (in  Fig.    3a)   15   dBz  reflectivity  contour. 
Divergence  of  U.6xlC  3    sec  1    was   located  in  the 
lower  left  portion  near   the   20  dBz   contour. 
There  was   also   another   divergence   peak   of 
l4.3xl0-3    sec-1    slightly  upshear   from  the   reflec- 
tivity maximum   (30  dBz   contour).      There  was   net 
divergence   of  0.!+8xl0~3    sec"1    at_the   surface  but 
net   convergence   of  0.36xlO-r>    sec  J    throughout 
the   depth  of  the   storm.      In  the   second  time 
interval    (B)    the  peak  divergence   and  convergence 
values  were  nearly  the   same   as   at   time    (A),  but 
the  mean  value   of  net  divergence   at  the   surface 


had  decreased  to  0.05x10  3    sec 


However,  net 


convergence  into  the  storm  was  slightly  higher 
than  before  and  had  a  value  of  0.65xlO_?  sec"1. 

As  shown  by  the  streamlines,  low  level  in- 
flow air  passed  through  the  precipitation  and 
was  lifted  in  the  main  updraft  at  the  backside 
of  the  cell.   Cooling  from  evaporation  of  rain 
in  this  inflow  air  will  act  to  decrease  its 
buoyancy  and  possibly  destroy  the  updraft.   There 
are  two  possible  interpretations  of  the  conver- 
gence area  toward  the  right  of  the  downshear 
direction:   1)  low  level  convergence  beneath 
a  new  updraft  or  2)  convergence  associated  with 
a  part  of  the  old  updraft  having  a  precipitation 
induced  downdraft  embedded  within  it  (the 
area  enclosed  by  the  25  dBz  contour  of  reflec- 
tivity).  The  latter  interpretation  is  favored 
since  the  new  cell  grew  in  what  appears  to  be 
a  broad  cloud  base  updraft  as  seen  from  the 
chaff  data. 

Radar  reflectivity  and  vertical  air  motion 
in  horizontal  planes  beginning  at  cloud  base 
(~  1500  m  AGL)  are  shown  in  Fig.  h.     The  cross- 
hatched  areas  are  updrafts  and  the  clear  area 
in  between  is  a  region  of  downdraft.   Dual  Doppler 
measurements  were  not  available  in  the  areas  away 
from  the  main  body  of  the  cell.   These  regions 
near  the  detected  updrafts  are  most  likely  up- 
drafts and  should  be  interpreted  as  such.   Peak 
values  of  the  vertical  air  motion  are  given  to 
the  nearest  meter  per  second  at  their  respective 
locations.   For  example,  the  peak  updraft  at  3 
km  AGL  (time  A)  was  9  m  sec-1  and  the  peak 
downdraft  was  -5m  sec  1 . 


Tade   I.      Chaff  data*  from  31  July  1973- 

Time 
(MDT) 

Release  height 
(km  MSL) 

Horizontal  velocity                                   Vertic 
(direction/m  sec  1)                Peak   (m  sec"1" 

SE/15                                                   11 
NW/U                                                       5 
NW/7                                            8  and  11 

;al   velocity 

Height    (km  MSL) 

1U27 
l>+37 

1505 

3-7 
3A 
3.6 

It. 6 

U.3 

l+.U   and  5.8 

♦Private 

communication,   J. 

D.   Marwitz,   Univ.    of  Wyoming. 

Table 

II. 

Draft  peak 

values   and  areal  averages  for  times  lUl5:2U    (A) 

and  lUl8:06    (B). 

Altitude 

Maximum                                     Maxjjnum 

Average   vertical 

Time 

(m  AGL) 

updraft   (m  sec  1 )            downdraft    (m  sec  x )          air  motion   (m  sec  1  ) 

A 

1500 
3000 
1+500 

7                                              -3 
9                                              -5 
9                                              -5 

-0.5 
-0.7 
-0.9 

B 

1500 
3000 

U500 

5  -5 

6  -5 

7  -9 
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Fig.  k.     Radar  reflectivity  contours  and  vertical  air  motion  in  horizontal  planes  from  cloud  base 
(1500  m  AGL)  to  U.5  km  AGL.   The  updrafts  are  the  cross-hatched  areas  and  the  downdraft  is  the  clear 
area  between  these  areas.   Numbers  in  parantheses  are  peak  downdraft  values  and  numbers  in  the  cross- 
hatching  are  peak  updraft  values. 


All  levels  at  cloud  base  and  above  show  a 
general  intensification  of  the  downdraft  accom- 
panied by  a  weakening  of  the  updraft.   This  is 
evident  in  both  the  peak  values  as  well  as  the 
areal  extent  of  each  draft.   These  results  are 
summarized  in  Table  II  for  the  two  different 
scan  times.   The  most  likely  mechanisms  which 
caused  this  trend  were  evaporative  cooling  and 
gravitational  loading  of  the  updraft  by  the 
precipitation. 

6.   HORIZONTAL  AIR  MOTION 

Horizontal  vector  air  motion  in  horizontal 
planes  spaced  by  1500  m  starting  at  the  ground 


are  shown  in  Fig.  5-  A  10  m  sec  x    scaled  vector 
is  located  in  the  upper  right  hand  corner  of 
each  frame  for  easy  reference.  Again  those 
frames  marked  (A)  are  for  the  earlier  Doppler 
time  and  those  marked  (B)  are  for  the  later  time. 
There  is  close  agreement  in  the  patterns  at  the 
successive  times  thereby  lending  credence  to  the 
data  reduction  technique.   The  flow  field  is  seen 
to  advect  in  the  direction  of  the  cloud  layer 
mean  winds.   This  is  particularly  noticeable  at 
the  surface  and  at  cloud  base. 

The  significant  features  apparent  in  these 
flow  fields  are: 
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Fig      5       HorizontaTvelTairltion   in  horizontal  planes   fro,  ground  to   upper   levels. 
Scaled  vector    is    in  the   upper   right  corner  of  each   frame. 
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Fig.  6.  Horizontal  vector  aj_r  motion  after  removal  of  the  mean  ambient  wind  at  that  particular  level. 
Horizontal  planes  here  correspond  to  the  same  frames  in  Fig.  5- 


1)  Low  level  environmental  flow  beneath 
cloud  base  is  significantly  distorted  by  the  up 
and  downdraf ts . 

2)  The  entire  subcloud  layer  is  apparently 
a  region  of  inflow  into  the  main  updraft. 

3)  Air  motion  within  the  cloud  layer  is 
generally  along  the  direction  of  the  environ- 
mental flow  in  this  layer. 

h)     There  is  deflection  of  the  flow  around 
the  main  updraft  as  shown  by  the  cyclonic  curva- 
ture in  the  region  near  the  top  portion  of  the 
3  and  U.5  km  AGL  frames. 

When  the  mean  ambient  wind  at  a  particular 
level  is  subtracted  from  the  in-cloud  air  motion 
at  that  level,  some  rather  dramatic  smaller  scale 
air  motion  structure  is  revealed.   Examples  of 
these  detailed  flow  patterns  are  shown  in  Fig.  6 
for  the  3  and  U.5  km  levels  at  times  (A)  and  (B). 
The  high  speed  tongue  of  the  updraft  has  anti- 
cyclonic  curvature  whereas  the  downdraft  region 
has  cyclonic  curvature.  The  confluence  line  is 
located  above  the  low  level  high  reflectivity 
zone  and  oriented  parallel  to  the  mean  environ- 
mental air  flow  in  the  cloud  layer.   This  line 
does  not  seem  to  be  close  enough  to  downstream 
from  an  obstacle  (the  high  reflectivity  region 
on  the  left  side  of  the  upper  level  frames)  in  a 
uniform  flow  to  be  considered  as  a  wake  line. 
However,  it  does  bear  a  remarkable  similarity 
to  such  a  flow  regime. 


Vertical  profiles  of  the  environmental  winds 
from  the  1329  Grover  RAOB  and  average  in-cloud 
winds  obtained  from  the  Doppler  measurements  are 
displayed  in  Fig.  7.   In  the  subcloud  layer  the 
environmental  and  in-cloud  winds  are  in  close 
agreement.   Through  the  depth  of  the  cloud  layer, 
however,  the  in-cloucr  winds  are  consistently  less 
than  the  environmental  winds .  Note  that  from 
about  3.5  km  AGL  to  5-5  km  AGL  the  Ft.  Morgan 
(70  km  SW  of  Grover)  rawinsonde  data  has  been 
added.  The  sharp  decrease  in  the  wind  speed  in 
this  layer  obtained  from  the  Grover  RAOB  is 
believed  to  be  a  result  of  the  balloon  having 
passed  through  the  storm  outflow  region.  Humidity 
data  indicated  a  slightly  more  moist,  but  un- 
saturated layer  here.  The  environmental  wind 
direction  just  below  cloud  base  where  the  Doppler 
winds  and  environmental  winds  had  the  same  speed 
was  357  deg.   If  this  is  more  than  just  coin- 
cidence, the  storm  complex  was  advecting  along 
the  direction  of  the  cloud  base  winds. 


326 
460 


0    2     4     6    8     10    12    14 
Wind  Speed  (m/sec  ) 

Fig.  7.   Vertical  profiles  of  the  areal  mean,  Dop- 
pler  inferred  in-cloud  air  motion  and  the  environ- 
mental winds  from  the  Grover  (and  Ft.  Morgan) 
rawinsondes.   These  profiles  are  separated  in 
time  by  about  U5  min. 

7.   SUMMARY  AND  DISCUSSION 

Two  coplane  scans  by  a  dual  Doppler  radar 
system  taken  less  than  3  min  apart  have  been 
used  to  infer  the  three-dimensional  air  motion 
and  its  evolution  within  a  rainstorm.   Some  of 
the  more  important  observations  are: 

1)  Precipitation  from  a  growing  cell  on 
the  right  forward  flank  of  an  older  cell  falls 
into  the  low  level  inflow  region  of  the  older 
cell. 

2)  Subcloud  layer  winds  in  the  precipita- 
tion region  are  in  close  agreement  with  the 
environmental  winds. 

3)  Cloud  layer  winds  within  the  precipita- 
tion zone  are  consistently  lower  than  the  en- 
vironmental winds  in  the  same  layer.  However, 
the  environmental  and  in-cloud  air  is  moving 

in  the  same  general  direction. 

h)      Downdrafts  show  significant  intensi- 
fication in  a  very  short  period  of  time,  1+ 
m  sec  x    increase  in  less  than  3  min.  Updrafts 
show  a  2-3  m  sec  l    decrease  in  the  same  time 
interval. 

5)  The  updraft  is  rotating  anticyclonical- 
ly  in  the  upper  levels  whereas  the  downdraft  is 
rotating  cyclonically. 

6)  A  confluence  line  exists  above  the  low 
level  high  reflectivity  area  and  is  oriented 
parallel  to  the  cloud  layer  mean  environmental 
flow. 

7)  A  high  reflectivity  region  and  its 
associated  downdraft  occur  on  the  downshear 
side  of  the  updraft.   This  is  consistent  with 
such  two-dimensional  numerical  models  of  pre- 
cipitating convective  clouds  as  Takeda's  (1971). 

8)  New  growth  occurring  ahead  of  or  within 
the  older  updraft  possibly  has  a  new  updraft 
associated  with  it.  This  kind  of  discrete 
propagation  of  both  radar  echo  and  updraft  is 

-ry  similar  to  Hane's  (1973)  two-dimensional 
squall  line  thunderstorm  model. 


Further  analysis  of  available  Doppler  .lata 
is  expected  to  reveal  many  more  features  of 
this  air  motion.   The  complete  history  of  this 
non-steady  state,  precipitating  convective 
system  air  motion  should  help  to  confirm  or 
reject  earlier  hypotheses  about  the  wind 
structure  deduced  from  radar  reflectivity.   In 
addition,  numerical  models  can  be  tested  with 
measurements  of  the  air  motion  within  the  cloud 
at  a  scale  comparable  to  the  models. 
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1. 


INTRODUCTION 


Recent  research  with  Doppler  radar  has 
emphasized  the  utilization  of  the  first  moment 
of  the  Doppler  velocity  spectrum  to  infer  air 
motions  in  convective  storms.   The  dual-Doppler 
radar  method  uses  the  first  moment  measurements 
from  separated  radars  to  estimate  the  three- 
dimensional  wind  field  throughout  the  storm 
as,  for  example,  in  Kropfli  and  Miller  (1975). 
Regions  of  high  wind  shear,  updraf ts ,  inflow, 
etc.,  are  clearly  defined  with  the  dual-Doppler 
technique.  A  single  Doppler  radar  can  measure 
the  reflectivity  factor,  radial  velocity,  and 
variance  of  the  radial  velocity  throughout  the 
storm  echo.   In  some  cases  it  is  possible  to 
deduce  the  approximate  air  motions  inside  the 
storm  from  the  radial  velocity  field  measured 
by  a  single  Doppler  radar.   However,  there  has 
been  relatively  little  use  made  of  the  second 
moment  of  the  Doppler  spectrum,  except  for 
zenith  pointing  radars  (Battan,  197*+).   In  this 
paper  we  present  data  derived  from  the  second 
moment  of  the  velocity  spectrum  taken  by  a  radar 
that  scanned  a  convective  storm  at  low  elevation 
angles.  Measurements  of  the  radial  velocity 
field  and  radar  reflectivity  depict  the  struc- 
ture of  the  storm  and  the  radial  wind  shear. 
In  addition,  we  have  supporting  data  from  a 
zenith  pointing  radar  that  enables  us  to  relate 
the  observed  second  moments  to  the  location  of 
the  storm  updraf ts . 


2. 


VARIANCE  OF  THE  DOPPLER  SPECTRUM 


There  are  3  major  contributors  to  the 
variance  or  second  moment  of  the  Doppler  spec- 
trum for  a  narrow  beamwidth  radar:   wind  shear, 
turbulence,  and  the  spread  of  particle  fall 
speeds.   Lhermitte  (1963)  has  shown  that  the 
spread  of  fall  velocities  in  rain,  a   2,  is  about 

1  m2  sec  2  and  is  nearly  independent  of  rainfall 
rates.   If  the  precipitation  is  observed  at  low 

elevation  angles,  9,  (less  than  15  deg)  then  the 
contribution  to  the  second  moment  is  a  2  sin^  8 

or  at  most  about  l/l6  m^    sec  z  and  can  usually 
be  neglected.   If  hail  is  present,  then  the  fall 
speed  spread  may  be  as  great  as  20  m2  sec  2 
(Battan,  1971*)  with  a  contribution  of  1.3  m2 
sec  B    to  the  variance  measured  by  a  radar 
observing  the  hail  at  a  15  deg  elevation  angle. 
In  the  data  we  used  the  fall  speed  spread  was 
neglected  because  the  high  variance  values  that 
were  observed  by  the  zenith  pointing  radar  occur- 
red where  the  scanning  radar  elevation  angle  was 
less  than  8  deg.   If  the  variance  measured  by  the 
zenith  pointing  radar  is  attributed  entirely  to 


the  spread  of  fall  velocities,  then  the  fall 
speed  variance  measured  by  the  scanning  radar 
would  be  at  most  0.U  m2  sec  2  over  a  small  region 
and  generally  less  than  0.2  m2  sec  2. 

The  variance  contribution  due  to  wind 
shear  across  the  beam  is  given  by 

a  2   =  (0.3  k  R  e)2 

where  k  is  the  shear  across  the  beam  (sec  1 ) ,  R 
is  the  range  and  8  is  the  one  way,  half-power 
beamwidth.   The  variance  contribution  for  shear 
along  the  beam  is  given  by 

s     12 

where  h  is  the  radar  range  resolution  (Sirmans 
and  Doviak,  1973)-   Thus  there  are  3  shear  com- 
ponents to  be  considered;  one  along  the  beam  k_, 

and  two  orthogonal  components  across  the  beam, 
k  and  k.^.   Since  the  scanning  Doppler  radar 

measures  the  mean  radial  velocity  throughout  the 
storm,  each  of  these  shear  contributions  can  be 
evaluated.   (For  purposes  of  this  paper,  we  are 
defining  "wind  shear"  as  those  components  of 
wind  variability  that  exist  on  scale  sizes  that 
can  be  measured  by  the  mean  radial  velocity 
field.)   The  shear  contribution  to  the  velocity 
variance  is  given  by 


CTs2  =  (V 


-1 


(0.3  R  e)  + 


V 


12 


for  low  elevation  angles.  We  estimate  the  shear 
contribution  by  calculating  the  3  shear  compo- 
nents from  finite  differences  of  the  mean  radial 
velocity  measurements.   The  antenna  beamwidth  is 
0.9  deg  and  the  range  for  the  data  used  is  ko    to 
55  km.   The  radar  range  resolution  is  75  m,  so 
the  variance  caused  by  shear  across  the  beam  will 
usually  be  much  greater  than  that  caused  by  shear 
along  the  beam. 

The  contribution  to  the  velocity  variance 
due  to  turbulence  is  not  as  well  known.   (We  are 
classifying  those  components  of  wind  variability 
that  cannot  be  resolved  by  the  radar  as  "tur- 
bulence.")  Lhermitte  (1972)  tabulates  the 
turbulence  contribution  to  the  variance  as  0.1 
to  0.5  m2  sec"2  for  "light  turbulence"  and  6 
to  20  m2  sec"2  for  "strong  turbulence."  Sirmans 
and  Doviak  (1973)  take  h   m2  sec"2  as  an  average 
value  in  a  convective  storm.   Data  from  the 
National  Severe  Storms  Project  (Steiner  and 
Rhyne,  1962)  show  rms  velocity  fluctuations 
greater  than  h   m  sec   on  scale  sizes  from  30  m 
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to  3  km  in  thunderstorm  penetrations  with  air- 
craft.  Data  from  zenith  pointing  radars  can 
be  used  to  deduce  the  turbulent  contribution 
only  if  the  drop  size  distribution  is  known. 
Large  variance  values  measured  by  zenith  point- 
ing radars  are  invariably  attributed  to  the 
distribution  of  the  fall  speeds  of  hail.   Donald- 
son and  Wexler  (1968)  suggest  that  velocity 
variances  observed  with  a  zenith  pointing  radar 
greater  than  h   m2  sec  2  are  likely  indicators  of 
damaging  hail,  severe  turbulence,  or  both.   If 
the  variance  of  the  velocity  spectrum  is  measured 
bj  a  radar  scanning  at  low  elevation  angles  where 
the  variance  caused  by  fall  speed  spread  is 
negligible,  and  if  the  shear  contribution  is 
negligible  or  can  be  found  from  the  velocity 
field,  then  the  variance  due  to  turbulence  can 
be  evaluated. 

3.      DISSIPATION  ESTIMATES 

The  problem  with  using  the  variance  of 
the  Doppler  spectrum  (corrected  for  shear  and 
fall  speed  spread)  as  the  measure  of  air  tur- 
bulence is  that  the  variance  is  a  function  of 
the  pulse  volume  (Frisch  and  Clifford,  197*0  as 
well  as  the  turbulent  motions.  A  more  useful 
quantity  for  characterizing  the  inertial  sub- 
range turbulence  is  the  turbulent  dissipation 
rate,  e.   This  quantity  can  be  estimated  from 
the  variance  of  the  Doppler  spectrum  if  the 
outer  scale  of  the  inertial  subrange  is  larger 
than  the  largest  dimension  of  the  radar  pulse 
volume  (Frisch  and  Clifford,  197*+). 

The  dissipation  rate  is  a  measure  of  the 
turbulent  intensity  (Trout  and  Panofsky,  I969) 
and  regions  of  large  e  are  regions  of  strong 
turbulence.   The  three-dimensional  field  of  e 
and  its  temporal  evolution  in  a  storm  would  be 
an  important  measure  of  the  internal  energy 
transfers  that  occur.   It  would  also  allow 
prediction  of  how  seed  material  would  diffuse 
if  injected  into  various  parts  of  the  storm 
(Kyle,  197*0.  A  real-time  display  of  the 
dissipation  rate  is  needed  if  seeding  aircraft 
are  to  inject  seed  material  for  optimum  diffusion 
in  the  storm  and  at  the  same  time  avoid  haz- 
ardous flight  conditions. 

Measurement  of  the  dissipation  rate 
using  Doppler  radar  is  described  by  Gorelik 
and  Mel'nichuk  (I963,  I968)  for  a  zenith  point- 
ing radar  where  the  pulse  length  is  larger  than 
the  beamwidth.   Frisch  and  Clifford  (197*0 
applied  the  technique  to  the  convective  boundary 
layer  and  derived  expressions  for  the  pulse 
volume  effects.   In  both  of  these  papers,  the 
radar -measured  velocity  variances  were  assumed 
to  be  caused  by  air  turbulence--shear  and  fall 
speed  spreading  was  negligible.   The  turbulence 
was  much  less  than  would  be  expected  in  a  con- 
vective storm.   Frisch  and  Clifford  used  chaff 
tracers  in  the  boundary  layer  and  measured  dis- 
sipation rates  up  to  30  cm2  sec  3. 

The  expression  derived  by  Frisch  and 
Clifford,  applicable  to  the  present  case  where 
the  beamwidth  is  much  greater  than  the  pulse 
length,  is 


3/2 


(1) 


a_  is  the  portion  of  the  variance  of 

the  Doppler  spectrum  caused  by  air  turbulence , 
A  is  the  universal  constant  (A  «  0.*+7>  Lumley 
and  Panofsky,  1964)  and  a   is  the  width  parameter 
of  the  Gaussian  beamwidth.  For  the  radar  used 
in  these  experinents,  a  =   0.009*+  R.   The  largest 
beam  dimension  is  about  800  m.  We  apply  the 
technique  at  altitudes  greater  than  1  km  and 
assume  the  outer  scale  exceeds  the  maximum 
beam  dimensions. 

k .      RESULTS 

The  dissipation  rates  in  a  convective 
storm  were  estimated  using  data  acquired  during 
the  1973  field  program  of  the  National  Hail 
Research  Experiment  (NHRE).  Radar  reflectivity, 
radial  velocity,  and  velocity  variance  in  a 
vertical  plane  parallel  to  the  direction  of  echo 
motion  are  shown  in  Fig.  1  for  a  storm  that 
occurred  on  9  July  1973 •  This  storm  produced 
pea-sized  hail,  mixed  with  rain,  at  the  ground. 
A  few  larger  hailstones,  up  to  1.5  cm  in  diameter, 
were  noted.   Echo  motion  is  toward  the  right 
(nearly  south)  at  9  m  sec  l.     The  radial  velocity 
measurements  are  absolute  values.   The  radar 
that  acquired  the  data  was  located  about  50  km 
north  of  the  storm  and  used  a  maximum  elevation 
angle  of  15  deg.  The  back  portion  of  the  main 
updraft  of  the  storm,  measured  with  a  zenith 
pointing  Doppler  radar ,  is  shown  by  the  shaded 
area  (Merrem  and  Strauch,  197*0  •   Peak  updrafts 
of  20  m  sec  1  were  measured.  Radial  velocity 
contours  show  the  feeding  air  moving  against 
the  echo  motion,  mid-level  entrainment  of  dry 
air  from  the  backside,  and  a  strong  outflow, 
opposite  to  the  direction  of  echo  motion,  at 
the  top  of  the  storm.   The  gust  front  and  up- 
draft region  are  clearly  depicted  by  the  radial 
velocity  contours.   Variance  contours  show  a 
distinct  high  variance  core  at  mid-level.   This 
core  persists  from  about  k   to  8  km  altitude, 
and  is  located  just  ahead  of  the  highest  re- 
flectivity region.   The  vertical  section  shown 
is  not  through  the  center  of  the  core.  Mid-level 
contours  in  a  horizontal  plane,  shown  in  Fig. 
2,  reveal  high  variance  values  in  a  region  about 
5  km  in  diameter,  just  ahead  of  the  high  reflec- 
tivity core.   Data  from  the  zenith  pointing  radar 
indicate  that  the  high  variance  values  are  located 
at  the  interface  between  the  updraft  and  down- 
draft.   Radial  velocity  contours  at  5  km  altitude 
show  strong  convergence  in  the  feeding  air  and 
the  mid-level  entrainment  from  the  backside. 
The  variance  of  the  Doppler  spectrum  is  less 
than  1  m2  sec  2  in  portions  of  the  backside  of 
the  storm  and  as  large  as  20  m2  sec-2  at  the 
core  of  the  storm. 

If  we  attribute  the  entire  measured 
variances  to  wind  shear  across  the  beam,  then 
the  variance  contours  labeled  2,  6,  10,  and 
lU  m2  sec  2  in  Figs.  1  and  2  would  (approximately) 
correspond  to  shear  contours  of  5-8x10  3 ,  10  ? , 
1.3x10  2,  and  1.6xl0~2  sec"1.   On  the  other  hand, 
if  we  attribute  the  entire  measured  variance  to 
turbulence,  the  contours  would  correspond 
(approximately)  to  dissipation  rates  of  130, 
685,  1U70,  and  2U40  cm2  sec"3.   These  values  of 
shear  and  dissipation  would  be  upper  limit  values 
since  the  actual  measured  values  are  caused  by 
both  shear  and  turbulence. 
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Figure  1.  Contours  of  radar  reflectivity,  radial 
velocity  and  velocity  variance  in  a  vertical 
plane  parallel  to  the  echo  motion.   Positive  radial 
velocity  is  in  the  direction  of  echo  motion. 
Shaded  region  is  the  trailing  edge  of  the  updraft. 


Figure  2.  Radar  reflectivity,  radial  velocity 
and  velocity  variance  at  5  km  altitude.   Data 
are  measured  with  a  3  cm  radar  located  about  55 
km  north-northwest  of  the  storm.   Positive  radial 
velocity  is  in  the  direction  of  echo  motion. 
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The  shear  contributions  to  the  variance 
of  the  Doppler  spectrum  are  the  result  of  gradi- 
ents of  the  radial  velocity.  We  can  estimate  the 
variance  that  is  caused  by  shear  from  the  radial 
velocity  fields.   The  shear  along  the  beam,  11, 

and  the  vertical  component  of  the  shear  across 
the  beam,  k_^,  can  be  estimated  from  the  radial 

velocity  displayed  in  vertical  planes,  and  shear 
across  the  beam  in  the  horizontal  direction,  t,, 

can  be  estimated  from  the  radial  velocity  displayed 
in  horizontal  planes.   Since  the  beamwidth  is  much 
larger  than  the  range  resolution,  the  variance 
caused  by  radial  gradients  of  the  radial  velocity 
will  be  negligible  compared  to  the  variance  caused 
by  gradients  normal  to  the  beam  axis.   For  example, 
a  radial  gradient  of  10-2  sec"1  contributes  only 
0.05  m2  sec  3  to  Doppler  variance,  whereas  the 
same  gradient  across  the  beam  contributes  5-5 
m2  sec  **  to  the  Doppler  variance  if  the  range  is 
50  km. 


18 


f 

/    Z  =  5  km 

-     Dissipation  Rates 


120 

170 

cm"2  sec"3 

'"to 

320 

290 

90 

900 

<50 

1                        1     ^ 

9  km 


18 


27 


The  radial  velocity  contours  in  Fig.  1 
indicate  the  highest  values  of  k_.  occurred  at 

the  back  of  the  storm  as  a  result  of  the  shear 
created  by  the  mid-level  entrainment  into  the 
storm  and  the, upper  level  outflow  opposite  to 
the  direction  of  storm  motion.   Peak  values  of 
ky  noted  in  Fig.  1  are  about  6x10  3  sec  x  .   The 

radial  gradient  is  a  maximum  in  the  region  where 
the  feeding  air  and  air  overtaking  the  storm 
from  the  backside  create  strong  convergence. 
Values  of  1l  greater  than  10   sec  1  are  measured. 

Note  that  the  radar  was  located  nearly  due  north 
of  the  storm  which  was  moving  south  and  the 
highest  velocities  and  gradients  are  in  the 
radial  direction.   Radial  velocity  contours  in 
Fig.  2  indicate  the  cross  beam  shear,  k„,  is 

very  small  at  5  km  altitude  except  at  the  south- 
west edge  of  the  region  scanned.  Maximum  values 
of  k^  of  UxlO  3  sec  x  are  noted. 

Turbulent  dissipation  rates  are  calculated 
in  several  regions  of  the  storm  using  Eq.  1  with 
the  measured  velocity  variances  corrected  for  the 
shear  contribution.   (The  various  factors  that 
contribute  to  the  measured  variance  are  assumed 
independent  so  the  total  variance  is  the  sum  of 
the  components.)  Fig.  3  lists  the  calculated 
dissipation  rates  for  the  vertical  plane  shown 
in  Fig.  1  and  for  the  horizontal  plane  at  5  km 
altitude  shown  in  Fig.  2.   The  UU  dBZ  reflec- 
tivity contour  is  shown  as  a  solid  curve  and  the 
li+  m^  sec"2  variance  contour  is  shown  as  a  dashed 
curve.   The  dissipation  rate  was  estimated  only 
if  the  shear  component  of  variance  was  less  than 
half  the  measured  variance.   Since  the  region  of 
high  measured  variance  is  a  region  of  high  shear 
along  the  beam  but  relatively  low  shear  across 
the  beam,  the  shear  contribution  to  the  measured 
variance  is  relatively  unimportant  in  this  region. 
Therefore  the  core  of  high  measured  variance  is 
also  a  core  of  high  dissipation  rate,  and  the 
high  dissipation  rates  extend  from  about  k   to 
8  km  altitude  in  the  interface  between  the  up- 
draft  and  downdraft. 

The  dissipation  rates  vary  by  two  orders 
of  magnitude  for  different  areas  in  the  storm. 
At  the  backside  of  the  storm  the  dissipation 
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Figure  3.   Dissipation  rates  at  5  km  altitude 
(top)  and  in  the  vertical  plane  shown  in  Fig.  1 
(bottom).   The  solid  contour  is  kk   dBZ  reflec- 
tivity and  the  dashed  contour  is  l1*  m2  sec  2 
variance.  Upper  limit  of  the  dissipation  rate 
is  estimated  when  shear  contribution  to  the 
variance  is  more  than  half  the  total  variance. 


rates  are  similar  to  those  measured  by  Frisch  and 
Clifford  in  the  boundary  layer,  <  30  cm2  sec  3, 
while  in  the  most  turbulent  region  the  rates  are 
greater  than  2000  cm2  sec-3 .   The  very  highest 
dissipation  rates  are  3600  cm2  sec  a  and  con- 
siderably exceed  values  usually  associated  with 
severe  clear  air  turbulence. 


The  results  obtained  by 
radar  indicate  that  significant 
ing  due  to  turbulence  can  occur 
pointing  radar.   If  we  have  a  di 
2000  cm2  sec-3  in  a  region  6  km 
then  the  velocity  variance  cause 
will  be  1+.8  m^  sec-2  for  a  radar 
resolution  of  75  "i  and  a'  1  deg  b 
fore  large  variances  measured  by 


the  scanning 
spectral  broaden- 
for  a  zenith 
ssipation  rate  of 
above  the  radar, 
d  by  turbulence 

with  a  range 
eamwidth.   There- 

a  zenith  pointing 
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radar  should  not  be  totally  attributed  to  the 
fall  speed  spread  of  hail. 


5. 


DISCUSSION 


Dissipation  rates  measured  by  aircraft 
in  clear  air  turbulence  are  summarized  by  Trout 
and  Panofsky  (1969)  for  different  levels  of 
intensity.   The  highest  dissipation  rate  they 
report  is  ll6o_cm2  sec-3  with  a  geometric  mean 
of  675  cm"1  sec  3  for  "severe  turbulence."  They 
believe  the  average  estimates  to  be  conservative 
and  may  easily  be  incorrect  by  50$.   The  dis- 
sipation rates  we  calculate  using  the  Doppler 
radar  measurements  for  a  convective  storm  range 
from  their  classifications  for  "light  turbulence" 
to  greater  than  their  numbers  for  "severe  turbu- 
lence." Aircraft  measurements,  with  in  situ 
sensors,  may  be  expected  to  be  more  accurate 
than  the  radar  technique,  but  during  the  time 
required  for  the  aircraft  to  make  a  single  pass 
through  the  storm,  the  radar  can  obtain  esti- 
mates throughout  the  entire  storm.   For  example, 
the  radar  data  we  have  used  were  acquired  in 
160  sec.   In  addition,  the  probability  that  the 
aircraft  will  locate  the  most  turbulent  region 
of  a  storm  is  less  than  unity,  and  the  desir- 
ability of  doing  so  is  questionable.  Kyle 
(197*0  used  an  aircraft  measurement  to  arrive  at 
an  average  dissipation  rate  of  512  cm2  sec  3 
throughout  the  height  of  a  storm  to  compute  the 
diffusion  of  seed  material.  An  aircraft  flying 
through  the  storm  we  have  studied  could  measure 
this  average  value,  depending  on  the  track  and 
record  length  used,  but  the  radar  measurements 
indicate  the  distribution  with  height  is  not 
constant,  and  the  diffusion  for  this  storm 
should  be  modeled  considering  a  small  but  in- 
tense turbulent  region  at  mid-level . 

The  accuracy  of  the  dissipation  rates 
derived  from  the  radar  measurements  depends  on 
the  accuracy  of  the  measured  velocity  variance 
and  the  accuracy  of  the  assessment  of  the  fall 
speed  spread  and  shear  contributions  to  the 
variance.   In  the  data  we  have  used,  the  fall 
speed  contribution  to  the  variance  is  at  most 
0.U  m2  sec  2  and  would  have  negligible  effect 
on  the  measurements  of  the  highest  dissipation 
rates.   In  the  less  turbulent  regions  of  the 
storm,  the  fall  speed  contribution  is  less  than 
0.1  m2  sec  2  and  would  also  be  negligible.   The 
shear  contribution  we  used  would  generally  be 
underestimated  because  it  is  calculated  from 
velocity  fields  after  the  measured  velocity 
fields  are  interpolated  into  Cartesian  coordi- 
nates .   The  interpolation  process  reduces  peak 
gradients.   The  region  of  highest  variance, 
however,  is  also  a  region  where  little  cross- 
beam shear  is  measured,  and  the  shear  along  the 
beam  would  have  to  be  about  10  l  sec  1  to  sig- 
nificantly change  the  highest  dissipation  rates. 
The  highest  measured  shear  along  the  beam  was 
only  10  2  sec  1 .   In  less  intense  parts  of  the 
storm  the  gradients  should  be  adequately  repre- 
sented by  the  interpolated  velocity  fields. 
The  velocity  variance  is  also  interpolated  to 
grid  points  and  we  used  the  smoothed  values  to 
calculate  dissipation  rp.tes  rather  than  the 
second  moments  of  selected  individual  spectra 
used  by  Frisch  and  Clifford  fig?1*).   The  esti- 
mate of  the  second  moment  of  the  Doppler  spec- 
trum in  the  presence  of  noise  usually  uses  a 


threshold  (Campbell  et  al. ,  1971)  to  separate 
signal  from  noise.   In  practice  this  leads  to  an 
underestimation  of  the  second  moment.   Our  method 
employs  a  velocity  window  to  select  the  signal 
spectra  and  we  manually  scan  the  result  to  insure 
the  computer  algorithm  has  operated  as  intended. 
The  Doppler  spectra  in  the  high  variance  region 
are  generally  flat  and  broad.   A  flat  spectrum 
of  width  AV  m  sec  1  leads  to  a  second  moment  of 
( AV)2  m2  sec  2  so  the  signal  power  extends  over 

12 
about  15  m  sec  1  for  the  highest  variances  mea- 
sured.  This  is  about  one-half  the  unambiguous 
velocity  interval  for  our  radar. 

6.      CONCLUSION 

The  three-dimensional  scalar  field  of 
velocity  variance,  measured  in  a  convective 
storm  by  a  Doppler  radar  scanning  at  low  eleva- 
tion angles,  depicts  areas  in  the  storm  where 
high  shear  or  severe  turbulence  will  be  found. 
Shear  of  the  radial  velocity  can  be  estimated 
from  the  gradients  of  the  radial  velocity  field, 
so  the  contribution  of  shear  to  the  velocity 
variance  field  can  be  assessed.   Turbulent  dis- 
sipation rates  can  be  derived  from  the  portion 
of  the  variance  that  is  not  related  to  the  shear. 
Dissipation  rates  derived  from  the  Doppler 
velocity  variance  for  a  northeast  Colorado 
thunderstorm  range  from  rates  associated  with 
little  or  no  turbulence  to  rates  associated  with 
severe  turbulence.  The  high  dissipation  rates 
were  found  in  the  mid-level  of  the  storm  at 
the  trailing  edge  of  the  updraft.  Remote  measure- 
ment of  the  dissipation  rate  throughout  the  storm 
provides  essential  data  for  calculating  the  dif- 
fusion of  seed  material  injected  along  a  line  or 
at  a  point.   The  velocity  variance  field  is  also 
potentially  important  in  identifying  hazardous 
areas  for  aircraft. 
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Measurements  of  higher-order  spectra  of  turbulent  velocity  fluctuations  in  the 
atmospheric  boundary  layer  over  the  open  ocean  and  land  produce  the  inter- 
esting result  that,  in  the  wavenumber  range  designated  originally  by  Kolmogorov 
as  an  inertial  subrange,  the  functional  dependence  of  the  spectra  on  wavenumber 
is  practically  independent  of  the  order  of  the  spectrum.  These  results  confirm  the 
observation  of  Dutton  &  Deaven  that  their  extension  by  a  dimensional  similarity 
argument  of  the  original  Kolmogorov  theory  to  higher-order  spectra  was  not 
valid.  In  the  present  work,  we  derive  an  alternative  generalization  of  the 
Kolmogorov  ideas  for  spectra  of  arbitrary  order.  The  results  of  this  generalization 
describe  the  dependence  upon  wavenumber  of  the  available  data  quite  well.  We 
also  present  theoretical  calculations  based  on  a  Gaussian  model  for  the  fluctuating 
velocity  field  which  furnish  quantitative  predictions  for  spectra  of  arbitrary 
order  that  are  also  in  good  agreement  with  the  measurements,  both  in 
functional  form  and  in  absolute  value. 

Comparison  of  results  based  on  the  Gaussian  model  with  laboratory  measure- 
ments obtained  in  a  free  shear  layer  shows  that  the  Gaussian  theory  predicts 
accurately  all  the  available  normalized  higher-order  spectra  for  all  frequencies. 
When  the  corresponding  measured  higher-order  moments  are  close  to  those 
expected  for  a  Gaussian  process,  the  Gaussian  theory  also  correctly  predicts  the 
absolute  magnitudes  of  the  higher-order  spectra. 


1.  Introduction 

Interest  in  measurements  of  higher-order  statistical  functions  of  turbulent 
velocity  fluctuations  in  fluid  turbulence  is  partially  based  on  the  hope  that  their 
determination  will  provide  crucial  tests  of  theories  which  differ  little  for  lower- 
order  quantities,  but  which  provide  wildly  conflicting  results  for  higher-order 
functions.  The  simplest  and  most  extensive  theoretical  predictions  available  are 
for  turbulence  in  flows  with  very  large  values  of  the  Reynolds  number.  The 
largest  Reynolds  numbers  achieved  in  experiments  have  been  obtained  in  flows 
of  geophysical  interest  in  the  atmosphere  and  oceans. 

A  great  number  of  measurements  of  energy  spectra  (the  lowest-order  spectral 
statistic)  have  been  made,  but  only  recently  has  interest  arisen  in  higher-order 

t  Present  address:  Wave  Propagation  Laboratory,  N.O.A.A.,  Boulder,  Colorado  80302. 
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spectra,  of  squares  and  higher  powers  of  fluctuating  turbulent  variables.  There 
has  been  considerable  interest  in  such  spectra  in  statistical  communication 
problems  for  some  time,  however. 

The  term  'higher-order  spectra'  has  been  previous^  used  in  several  different 
ways  in  the  turbulence  literature.  In  the  present  work  it  has  the  same  meaning  as 
in  the  atmospheric  work  of  Dutton  &  Deaven  (1972)  and  in  the  laboratory  study 
of  Champagne,  Pao  &  Wygnanski  (1976).  Here  the  %th-order  spectrum  is  defined 
as  the  power  spectrum  of  the  nth  power  of  the  fluctuating  velocity.  This  definition 
differs  from  another  one  in  common  use,  namely  that  the  order  of  the  spectrum 
denotes  the  number  of  frequency  or  wavenumber  variables  of  which  the  spectrum 
is  a  function,  and  also  the  dimension  of  the  corresponding  displacement  vector  in 
its  Fourier  transform,  the  (n  +  l)th-order  correlation.  General  characteristics  of 
such  polyspectra  have  been  described  in  detail  by  Brillinger  &  Rosenblatt  (1967). 
These  include  bispectra,  which  are  functions  of  two  frequency  variables,  tri- 
spectra,  which  are  functions  of  three  frequency  variables,  etc.  In  the  present 
work,  we  are  not  concerned  with  this  latter  type  of  higher-order  spectrum,  and 
shall  be  dealing  only  with  power  spectra  of  powers  of  the  fluctuating  velocity. 

Dutton  &  Deaven  (1972)  considered  the  behaviour  of  spectra  of  algebraic 
powers  of  the  velocity  fluctuations  of  up  to  fourth  order.  Defining  <fin{k)  to  be 
such  that  4>n(k)  dk  is  the  spectral  contribution  to  (u2n)  from  the  wavenumber 
interval  k  to  k  +  dk  we  have 


((un-(un))2)  =  (u2n)-(un)2  =  \       </)n(k)dk. 

J    —  00 


(1) 


In  analogy  with  Kolmogorov's  (1941)  development  of  the  second-order  structure 
function  and  corresponding  spectrum  <j)x,  Dutton  &  Deaven  argued  that  for  large 
Reynolds  numbers  an  inertial  subrange  of  wavenumbers  might  exist  in  which  all 
(f>n{k)  depend  only  upon  the  wavenumber  k  and  the  mean  rate  e  of  dissipation  of 
turbulent  kinetic  energy  per  unit  mass. 

Assuming,  in  analogy  with  Kolmogorov's  original  inertial-subrange  analysis 
(which  results  in  ^(fc)  =  ote%k~§),  tha,t<fin(k)  =  tx^k^,  dimensional  analysis  yields 
y  =  |Wj  A  =  -i(2w  +  3)and 

0X  ~  k~!3,     (j)2  ~  &-t,     03  ~  k~3,     04  ~  k*",     etc.  (2) 

Dutton  &  Deaven  computed  higher-order  spectra  of  up  to  fourth  order  (n  =  4) 
for  all  three  velocity  components  from  samples  of  atmospheric  turbulence 
obtained  at  four  different  altitudes  with  instrumented  aircraft.  The  lower-altitude 
data  (250  and  750ft),  obtained  over  the  Kansas  plains,  were  considered  as  ex- 
amples of  boundary-layer  turbulence,  while  the  higher-altitude  data  (60  000  and 
30  000  ft)  were  characteristic  of  clear-air  turbulence  (CAT)  over  the  Sierra  Nevada 
and  severe  CAT  near  Grand  Junction,  Colorado,  respectively.  The  behaviour  for 
n  5s  2  described  by  (2)  was  not  observed  in  any  of  these  cases.  As  shown  in  the 
example  of  their  data  replotted  in  figure  5,  rather  than  increasing  in  slope  with 
increasing  order  for  the  higher  frequency  range,  the  higher-order  spectra  either 
retained  an  approximately  —f -power  law  or  decreased  somewhat  in  slope.  This 
behaviour  led  Dutton  &  Deaven  to  conjecture  that  "  it  is  clear  that  the  —  f  power 
law  generally  observed  in  atmospheric  turbulence  in  the  range  100  to  1000  m 
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does  not  indicate  an  inertial  range  in  which  spectral  properties  [of  higher-order 
spectra]  depend  only  on  (e)  and  &".  This  conjecture  served  as  the  basic  stimulus 
for  the  present  investigation.  If  the  analysis  leading  to  (2)  were  correct,  it  would 
appear  to  weaken  the  foundations  of  Kolmogorov's  inertial-subrange  theory 
sufficiently  to  require  a  complete  reassessment  of  the  underlying  concepts  of  an 
energy  cascade  as  first  proposed  by  Richardson  (1920). 

In  the  present  paper,  we  propose  an  alternative  extension  of  Kolmogorov's 
ideas,  which  desciibes  the  available  data  quite  well.  The  key  factor  in  the  present 
dimensional  argument  is  an  order-dependent  dissipation  term  en,  which  appears 
in  the  dynamical  equation  for  {u2n). 

As  noted  by  Dutton  &  Deaven,  the  probability  density  of  the  velocity  fluctua- 
tions in  atmospheric  turbulence  is  generally  not  even  approximately  Gaussian. 
In  clear-air  turbulence,  there  are  clearly  more  large  gusts  and  more  nearly  zero 
values  than  would  be  expected  if  the  density  were  Gaussian.  The  lower-altitude 
boundary-layer  data  appear  to  fit  a  Gaussian  distribution  much  more  closely. 
One  knows  that  the  distribution  cannot,  in  principle,  be  exactly  Gaussian.  If  it 
were,  the  probability  densities  of  velocity  derivatives  would  also  necessarily  be 
Gaussian,  in  direct  conflict  with  an  extensive  body  of  experimental  and  theo- 
retical evidence.  The  grid-turbulence  measurements  of  Townsend  (1947)  furnish 
an  example  of  a  velocity  field  for  which  the  one-point  density  p(u)  is  very  nearly 
Gaussian,  but  for  Avhich  the  density  p(dujdt)  of  its  derivative  is  clearly  non- 
Gaussian.  Later  work  by  Frenkiel  &  Klebanoff  (1967)  and  by  Van  Atta  &  Chen 
(1968)  showed  that  for  grid  turbulence  a  Gaussian  distribution  could  be  used  to 
predict  even-order  single-  and  multi-point  moments  of  the  velocity  field  to  very 
high  order  with  only  a  small  error.  The  Gaussian  assumption  is  thus  a  good 
approximation  for  the  calculation  of  certain  statistical  properties  of  the  velocity 
field,  like  even-order  moments  of  the  velocity,  while  it  is  not  a  good  approxima- 
tion for  other  properties,  like  velocity  derivatives.  It  is  of  course  also  of  no  use 
whatever  for  multi-point  odd-order  moments  (e.g.  triple  correlations),  which  are 
all  identically  zero  for  a  multivariate  Gaussian  distribution. 

Champagne  et  al.  (1976)  used  measurements  of  higher-order  spectra  (n  ^  4)  in 
a  turbulent  mixing  layer  to  determine  the  contributions  of  various  frequencies  to 
higher  moments  of  the  velocity  fluctuations.  There  was  relatively  little  evidence 
of  inertial-subrange  behaviour  in  their  (f)1  spectra,  but  they  noted  that,  in  the 
approximately  k~§  region  of  their  first-order  energy  spectrum,  the  higher-order 
spectra  did  not  follow  the  behaviour  predicted  by  (2),  but  became  somewhat  less 
steep  with  increasing  order. 

The  question  naturally  arises  as  to  whether  the  Gaussian  assumption  for  the 
probability  density  of  the  velocity  fluctuations  leads  to  realistic  predictions  for 
higher-order  spectra  of  the  velocity,  and  how  these  would  compare  with 
measured  spectra  and  those  predicted  from  the  extended  Kolmogorov  arguments. 
In  the  present  work  we  shall  see  that  in  the  inertial  subrange  the  Gaussian 
assumption  produces  results  for  higher-order  spectra  that  are  in  excellent 
agreement  with  the  experiments  of  Dutton  &  Deaven  and  with  some  new 
spectral  measurements  obtained  in  the  atmospheric  boundary  layer  over  the 
open  ocean.  Comparison  with  some  lower  Reynolds  number  laboratory  data  of 
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Champagne  et  al.  (1976)  shows  that  the  results  of  the  Gaussian  calculations  are 
in  close  absolute  agreement  with  the  measured  results  when  the  measured  higher- 
order  moments  are  close  to  the  values  expected  for  a  Gaussian  distribution. 


2.  Theory 

In  this  section,  we  present  two  distinct  theoretical  attempts  to  determine  the 
form  of  higher-order  spectra  in  the  inertial  subrange.  The  first  is  a  dimensional 
argument  which  can  predict  only  the  functional  variation  with  wavenumber  or 
frequency  of  higher-order  spectra.  The  second  analysis,  based  on  an  assumption 
of  Gaussianity,  predicts  the  same  wavenumber  variation,  but  has  the  distinct 
advantage  of  yielding  quantitative  predictions  for  the  spectral  levels. 

2.1.  The  maintenance  of  (u2n)  and  implications  for  higher-order  spectra 

The  conservation  equations  which  identify  the  mechanisms  which  maintain 
higher  moments  in  turbulence  follow  directly  from  the  Navier-Stokes  equation. 
We  shall  show  that  these  moment  equations  also  suggest  which  parameters 
govern  the  inertial-range  behaviour  of  higher-order  spectra. 

We  start  from  d(v%»)/8t  =  2n(uln~1  dujdt),  (3) 

where  u  =  (u,  v,  w)  is  the  turbulent  velocity  vector.  An  equation  for  the  right  side 
of  (3)  can  be  derived  from  the  dujdt  equation: 

ua, t  +  Ua,  j Uj  +  uai  j  Uj  +  ua>  j Uj  -  {ua>  jUj)  =  -p,a  +  vua _ n.  (4) 

Here  U  is  the  mean  velocity  vector,  p  the  fluctuating  kinematic  pressure  and 
v  the  kinematic  viscosity.  A  subscript  comma  denotes  differentiation  and 
repeated  non-Greek  indices  are  summed.  Multiplying  (4)  by  2nu*n~1  and 
averaging  gives 

d(u?)ldt  =  -2nUaJ(ujuln-1>-Uj(«),j)-(«Hnj)J) 

shear  production  advectioc      turbulent  transport 

+  2n(v**~x)  ((uauj)  J  -  27i{uf^p  t  a)  +  2»K«?_1««.«>-     <5) 

turbulent  production        pressure  interaction  viscous  effects 

Equation  (5)  shows  that  (uln)  is  maintained  by  a  variety  of  terms.  Their 
relative  importance  can  be  determined  from  scaling  arguments  of  the  type  used, 
for  example,  in  Tennekes  &  Lumley  (1972,  p.  63)  and  by  considering  the  form 
of  the  (t(?any  equation  in  special  cases.  Taking  the  scaling  arguments  first,  we  note 
that  the  time  rate  of  change  term  is  at  most  of  order 

i«>~irr—  (6) 

where  q  and  I  are  velocity  and  length  scales  of  the  energy-containing  eddies.  The 
first  four  terms  on  the  right  side  can  also  be  shown  to  be  at  most  of  this  order. 

To  evaluate  the  viscous  term  we  start  by  noting  that  molecular  diffusion  of 
(u*n)  is  negligible  in  large  Reynolds  number  turbulence: 

VQ2n        a1n+\   „        a2n+l 

<«■),„>  --fr-V/rV*"  P) 
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where  Rl  =  qljv  is  a  turbulence  Reynolds  number.  We  exploit  this  result  by 

^^^  (#r+1KKn ),;,>  -0  (8) 

and  manipulating  this  to  get 

<tfrxumtji)  =  -(2n-l)n-z(u2tjunaJ).  (9) 

Using  (9),  the  viscous  term  in  the  (u^71)  budget  (5)  becomes 

2nv(uln-1uaJj)  =  -2v{2n-  l)n~l  «,■<,>,  (10) 

which  shows  that  it  is  always  negative  and  hence  represents  viscous  destruction. 
To  determine  the  magnitude  of  the  viscous  destruction,  we  note  that 

(u%u%)  =  ntiun-iu^UjUj).  (11) 

We  have  dropped  the  subscript  a  since  the  arguments  for  this  term  will  hold  for 
any  component.  The  higher-order  spectral  results  show  that  the  dominant 
Fourier  modes  of  iin~1un~1  lie  in  the  energy-containing  (small  wavenumber) 
range,  and  earlier  work  (e.g.  Wyngaard  &  Pao  1972)  shows  that  those  ofujUj  lie 
in  the  large  wavenumber  range.  It  is  believed  (see,  for  example,  Tennekes  & 
Lumley  1972)  that  these  two  ranges  approach  statistical  independence  as  the 
turbulence  Reynolds  number  (and  hence  their  separation)  increases.  We  write, 

therefore,  <Mn-iM«-iw  jU  .y  „  {un~hin'x)  <«,,»,,>  ~  ?2n/A2,  (12) 

where  A  =  (vl/q)i  is  the  Taylor  microscale.  Our  estimate  for  viscous  destruction 
then  is,  from  (10)-(12), 

v«,i<,j)  ~  v?2re/A2~  q^+^l,  (13) 

which  indicates  that  viscous  destruction  is  of  the  order  of  the  largest  terms  in 
the  budget. 

The  dominant  role  of  viscosity  can  also  be  inferred  directly  in  special  cases. 
For  example,  in  a  boundary  layer  over  a  flat  surface  and  for  a  =  2  (the  lateral 
direction),  the  shear  production,  advection  and  turbulent  production  terms  in  (5) 
all  vanish.  Turbulent  transport  only  moves  (u^n}  around  in  space,  since  it 
integrates  to  zero  over  the  whole  flow.  In  this  flow,  then,  the  pressure  and  viscous 
terms  are  the  dominant  source  and  sink,  respectively,  for  (v2n). 

The  dominant  role  of  viscous  destruction  has  direct  implications  for  higher- 
order  spectra.  If  we  use  a  Fourier-Stieltjes  representation  for  the  nth  moment, 

u»-<«»>  =J<$**«*Zn(k),     (dZn(k)dZt(k))  =  4>n(k)dk,  (14) 

then  it  follows  that 

<(*»-<*»»•>=  J  0n(k)«flc,  \ 

<(M«  -  (U-))  >;.)  <(«»  -  <M«»  ,;>  =  /  k*<f>n(k)  dk.j 

We  can  also  write 

<(u"-<^»>»-<^»>;.)  =  (<^> -<<;><<>>•  (16) 

The  second  term  on  the  right  side  of  (16)  is  smaller  than  the  first  by  a  factor 
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A2jl2  ~  Rf1  and  can  be  neglected.  It  follows  that  the  viscous  destruction  rate  of 
(u2n)  (call  it  e2n)  is 

e2n  =  Z-^^vjk^n(k)dk.  (17) 

We  said  earlier  that  the  dominant  contributions  to  e2n  come  from  the  largest 

wavenumbers.  If  there  is  an  inertial  range  where  (pn  ~  k~m,  it  follows  that  ra  <  2. 

The  budget  for  the  odd  moment  (u2n+1)  is  derived  in  the  same  way.  It  reads 

d(u?+1)ldt  =  -(2n  +  l)UzJ(uju2xn)-Uj((uT+1)J)-((u?^uj)J) 

shear  production  adveotion  turbulent  transport 

+  (2n  + 1)  Of)  ((uaUj) tj) -  (2n  + 1) <wf p  a) 

turbulent  production  pressure  interaction 

-(2n+l)v((uln)Jua<j).      (18) 

viscous  effects 

The  dominant  terms  here  are  of  order  q2n+2/l.  If  the  correlation  between  u\n  and 
ua  extends  throughout  the  k  range,  then  the  viscous  term  is  of  the  same  order: 

(fin  0         a2n+2 

v(Mn),jua>j)~vqTfx(i-r.  (19) 

Note  that  the  viscous  term  can  be  expressed  in  terms  of  the  higher-order 
cospectrum: 

(2n  +  l)v((uln)jUaJ)  =  (2n+l)vjk*C0(uln,ua)dk  =  e2n+v  (20) 

Viscous  destruction  will  be  confined  to  the  high-&  range,  and  hence  will  be  signifi- 
cant if  the  cospectrum  falls  slower  than  k~2  in  the  inertial  range. 

The  picture  we  have  roughly  sketched  suggests  that  the  familiar  ideas  about 
the  maintenance  of  velocity  variance  in  large  Bt  turbulence,  and  the  roles  the 
various  scales  of  motion  play,  can  be  generalized  to  higher  moments.  Production 
occurs  mainly  in  the  energy- containing  (low  k)  range,  with  viscous  destruction 
confined  to  large  k.  If  Et  is  so  large  that  these  ranges  are  sufficiently  separated, 
we  expect  an  intermediate,  inertial  range  where  only  transfer  from  smaller  to 
larger  k  occurs. 

Direct  application  of  the  Kolmogorov  arguments  to  these  higher-order  spectra 

glVeS  C0(u2n,  u)  -  f(e,  k)  =  ei<2n+«jk-<t+f n) 


(21) 
<pn  =  g{e,  k)  =  e$nk-{5n+1).  )  v     ' 

These  are  clearly  incorrect:  the  slopes  are  too  steep  compared  with  experimental 
values  and  the  cospectrum  does  not  change  sign  under  co-ordinate  reflexion  as 
it  must. 

A  natural  extension  of  the  Kolmogorov  ideas,  and  one  which  recognizes  the 
importance  of  viscous  destruction  for  higher  moments,  is 

C0(u2n,  u)  =  f{e,  e2n+1,  k),     <j)n  =  g(e,  e2n,  k).  (22) 

If  (j)n  and  C0  depend  in  the  same  way  on  their  arguments,  the  simplest  forms  with 
the  required  property  under  co-ordinate  reflexion  are 

C0(v*»,  u)  ~  e2n+1e-ik-K     4>n  ~  e2ne-ik^.  (23) 

This  predicts  that  the  coherence  between  u2n  and  u  in  the  inertial  range  is  inde- 
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pendent  of  the  Avavenumber.  It  is  also  interesting  to  note  the  similarity  between 
the  higher-order  predictions  of  (23)  and  that  of  Corrsin  (1951)  for  the  inertial- 
range  spectral  level  of  a  passive  scalar  6: 

<f>B  ~  Ne-ik-i ,  (24) 

where  N  is  the  rate  of  destruction  of  scalar  variance. 

2.2.  Higher-order  inertial-subrange  spectra  for  a  Gaussian  variable 

The  dimensional  arguments  given  in  §  2.1  can  predict  only  the  functional  depend- 
ence of  the  higher-order  spectra  on  the  wavenumber,  and  not  their  magnitudes. 
In  this  section,  an  alternative  analysis,  based  on  the  assumption  of  Gaussianity, 
yields  predictions  for  all  spectral  levels,  and  gives  the  same  dependence  upon 
wavenumber,  which  is  invariant  for  all  higher-order  spectra. 

For  convenience  of  comparison  with  the  raw  experimental  data,  the  following 
theoretical  development  is  carried  out  in  terms  of  spectra  that  are  a  function  of 
the  frequency/ (measured  in  Hz),  rather  than  in  terms  of  a  spatial  wavenumber  k. 
Since  the  measured  velocity  fluctuations  are  assumed  to  be  stationary  random 
functions  of  the  time  t,  comparisons  with  the  predictions  of  the  Gaussian  theory 
can  be  made  without  recourse  to  an  assumed  relation  between /and  k.  However, 
when  the  analytical  results  are  compared  with  predictions  like  (2)  and  (23),  it  is 
to  be  understood  that  Taylor's  hypothesis  (see  Hinze  1959,  p.  40)  in  the  form 
k  =f/U  has  been  invoked,  where  U  is  the  mean  flow  velocity. 

If  a  stationary  random  function  of  time  u(t)  is  normally  distributed,  then  the 
higher-order  spectra  <pn  oiun{t)  defined  by  (1)  can  all  be  computed  in  principle 
from  a  knowledge  of  only  the  first- order  spectrum  (j>v  or  its  corresponding  correla- 
tion function  B(t).  This  result  follows  from  the  fact  that,  for  a  Gaussian  process, 
the  joint  statistics  of  the  bivariate  distribution  for  u(t)  and  u(t  +  T)  are  com- 
pletely determined  by  the  correlation  function  R(t)  =  (u(t) u(t-\-T)).  Given  the 
two-sided  power  spectrum  faif)  of  u(t),  we  wish  to  find  the  power  spectrum  (f>n{f) 
ofun{t).  The  power  spectrum  <fin(f)  will  be  equal  to  the  inverse  Fourier  transform 
of  the  correlation  function  (un(t)un(t  +  T)): 

&,(/)=  f°°    (ii»(t)un{t  +  T))e-i2»'TdT.  (25) 

J    —  CO 

For  odd  powers  of  u(t),  we  have  (see,  for  example,  Rice  1973) 

<U    +  {t)U    4  {t  +  T)}  %50 (2ft  +  l)l[(n-fc)!]» ' 

Wher°  22(0)-  T    ^(f)df=(uHt)) 

J   —  CO 

is  the  variance.  For  even  n,  say  n  =  2m,  a  similar  calculation  yields 

m   U2m)\]2 R2m-zk(hR(0))2k 
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The  higher-order  spectra  of  a  Gaussian  variable  are  thus  given  by 

[{2n+l)\fR(T)2k+1{%R(0))2n-2k 


/*oo  n 

0m+i(/)=  dre-WZ 

J    —CO  fc  =  l 


fcfo  (2A-+l)![(w -*)!]* 

(odd  powers  of  u{t)),     (26) 

^■J>^P"SCTff>     (eve„ofB((), 

(27) 

The  manipulation  of  these  relations  that  follows  makes  use  of  the  convolution 
relation  for  the  Fourier  transform  of  powers  of  the  correlation  function: 

poo  /*0O  /*00 

Rm(T)e-i2nfrdT=l         dfi_  df^MfJ-Mfrn-JMf-h-fm-l) 

J    —  00  J    —  00  J   —  00 

=  (m—  l)-fold  convolution  of  &,(/).  (28) 

In  the  general  case,  evaluation  of  the  higher-order  spectra  of  a  Gaussian 
variable  requires  either  analytical  or  numerical  evaluation  of  the  integrals  in 
(26)  and  (27),  or  evaluation  of  the  convolution  integrals  in  (28).  These  operations 
require  that  the  entire  spectrum  or  correlation  function  be  specified.  However, 
for  the  present  atmospheric  data,  we  are  mainly  interested  in  the  behaviour  of 
the  spectra  in  the  inertial  subrange.  As  observed  by  Kaimal  et  al.  (1972),  first- 
order  spectra  obtained  from  different  experiments  and  under  different  conditions 
show  a  wide  systematic  variation  for  low  frequencies,  depending  on  the  degree  of 
stability  and  other  external  parameters,  but  their  forms  and  magnitudes  in  the 
inertial  subrange  follow  a  universal  scaling.  An  asymptotic  analysis  for  large 
frequencies,  applying  only  to  the  inertial  subrange,  appears  desirable. 

To  carry  out  the  analysis,  one  needs  a  spectral  form  which  reduces  to  the 
Kolmogorov  spectrum  for  large  frequencies  or  wavenumbers.  A  suitable  form, 
due  to  von  Karman  and  discussed  by  Hinze  (1959,  p.  199),  is 

^(/)=6Al/[l  +  (A/)2]f.  (29) 

It  seems  likely  that  other  model  spectra  which  have  a  k~~%  behaviour  in  the 
inertial  subrange  would  also  be  suitable  for  the  present  purpose.  The  von  Karman 
spectrum  has  the  advantage  of  possessing  a  simple  and  convenient  correlation 
function  (see  appendix),  which  makes  it  fairly  easy  to  carry  out  an  asymptotic 
analysis  for  large/.  From  (29),  the  mean  square  of  the  velocity  fluctuations  is 

(u2)  s  R(0)  =  6At[r(i)  r(i)/r(f )]  =  4-206A§ .  (30) 

The  higher-order  spectra  for  odd  powers  of  u(t)  are  then  given  by 

ch        lf\-  rra»  +  nn«  V   ^•206A»\""-«*  (Mth  convolution  of  &) 

For  large  values  of/,  keeping  only  the  leading  term  in  the  2&th  convolution  of  <j>1 
gives  (see  appendix) 

2fcth  convolution  of  0X(/)  ~  b (bA$)2k {4- 20)2k {2k  +  1)/-J 

+  (higher-order  terms  in/). 
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So  for  large/,  the  dependence  on /will  be  the  same  (<j)n  ~/~$)  for  higher-order 
spectra  of  all  orders.  We  then  have  for  large  / 

4-206A?\2ni   m  1 


(4.'907>A*\2m    to 
~2J       *?, 


k^k\{\)k[{m-kW 

The  summation  term  can  be  written  as 

m    (_i)2fc(_m)fc(_m)fc  ^  j(_m>  -m;|;l) 

£o         *!(i)*(™!)2  (m!)a 

r(i)r(H2m)  (i)2m22« 


(m!)2r(i  +  m)r(i  +  w)       [(2m)!]2' 
Finally,  for  the  power  spectra  of  odd  powers  of  u(t)  we  have 

02m+i(/)  ~  &(4-206A$)2m(2w+l)2[l  x  3  x  5x  ...  x  (4m-  1)]/-* 

(m  =  l,2,...).         (31) 
A  similar  analysis  for  even  powers  of  u(t )  produces  the  result 

02m(/)  ~  (d-c-  spike) +  6(4-2&A?)2m-1 

x(2m)2[lx3x5x...x(2m-l)(2m  +  l)x...x(4m-3)]/-i     (32) 

Equations  (31)  and  (32)  may  be  combined  to  obtain  a  single  expression  valid  for 
arbitrary  powers  (both  even  and  odd)  of  u: 

(j)n{f)  ~  (d.c.  spike  if  n  is  even) 

+  b(4:-2b\$)n-1n2[l  x  3  x  5  x  ...  x  (2n-3)]/-*,  (33) 

where  the  final  product  in  brackets  is  replaced  by  1  when  n  =  1 . 

From  (29)  and  (33),  the  non-dimensionalized  ratio  of  the  higher-order  spectra 
to  the  first-order  spectrum  is  simply 

0n(/)/[*(O)B-10i(/)]  -  «2[1  x  3  x  5  x  ...  x  (2n-3)].  (34) 

Note  that  this  ratio  is  independent  of  the  parameters  b  and  A  and  of  the  dimen- 
sions used  for  the  velocity  u  and  other  multiplicative  constants  in  the  spectra  or 
frequency  variable. 

3.  Comparison  of  atmospheric  experimental  data  with  theory 

The  raw  computed  spectra  shown  in  figures  1  and  2  were  compared  with  the 
dimensional  theory  of  §2.1  and  with  the  asymptotic  theory  of  §2.2.  These  are 
spectra  of  the  longitudinal  component  u(t)  of  the  fluctuating  velocity  obtained 
in  the  atmospheric  boundary  layer  over  the  open  ocean  at  a  height  of  3  m  above 
the  mean  water  surface  level.  The  data  were  obtained  during  steady  trade  wind 
conditions  from  FLIP,  the  stable  floating  instrument  platform  of  the  Scripps 
Institution  of  Oceanography,  during  the  Barbados  Oceanographic  and  Meteoro- 
logical Experiment  (BOMEX),  in  May  1969.  The  mean  velocity  was  7-2  m/s.  The 
fluctuating  velocity  was  measured  with  a  single  vertically  oriented  hot  wire  5/*m 
in  diameter  and  1  mm  long.  This  hot  wire  was  operated  in  the  constant-resistance 
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/(Hz) 


/(Hz) 


Figure  1.  First-,  second-,  third-  and  fourth-order  spectra  of  «(()  measured  in  the  atmo- 
spheric boundary  layer  over  the  open  ocean.  Dashed  lines,  which  have  a  slope  of  —  f, 
are  higher-order  inertial-subrange  spectra  predicted  by  asymptotic  Gaussian  theory. 
Dashed  —  f  line  in  ^>1  plot  is  not  a  fit  to  data.  Note  large  range  of  the  magnitudes  of 
the  higher-order  spectra. 

mode  using  a  DISA  55D05  anemometer,  and  the  anemometer  output  was  linear- 
ized with  a  DISA  55D10  linearizer.  The  linearized  hot-wire  signal  was  FM  tape 
recorded  and  later  played  back  and  sampled  in  the  laboratory  with  a  12-bit 
analog-to-digital  converter  at  a  rate  of  521-5  samples/s.  Further  details  of  the 
experimental  conditions  and  apparatus,  calibrations  and  data  sampling  have 
been  given  by  Van  Atta  &  Chen  (1970)  and  Van  Atta  &  Park  (1972)  in  studies  of 


477 


On  higher -order  spectra  of  turbulence 


683 
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Figutie  2.  Fifth-,  sixth-,  seventh-,  eighth-  and  ninth-order  inertial-subrange  spectra  of  u(t) 
measured  in  the  atmospheric  boundary  layer  over  the  open  ocean.  Dashed  lines  have 
same  meaning  as  in  figure  1. 

structure  functions  in  the  inertial  subrange.  The  present  spectra  were  obtained 
using  fast  Fourier  transforms  of  100  digital  records,  each  of  which  contained 
2048  samples.  Individual  record  averages  of  un  were  used  for  the  mean  values 
(un).  For  atmospheric  data,  individual  record  averages  of  such  short  length  will 
fluctuate  considerably  around  the  long-term  average.  Use  of  the  long-term 
averages  to  compute  the  fluctuations  and  spectral  levels  in  each  record  will 
produce  errors  in  the  measured  higher-order  spectra  that  depend  on  the  values 
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of  lower-order  spectra.  For  example,  if  in  a  given  record  the  local  record  mean 
differs  from  the  long-term  mean  by  u0,  i.e.  u(t)  =  u0  +  u,  where  (u)  =  0,  then 

0a(u»,u»>(/)  =  fa&.mif)  +  ^o^Kn.df)  +  2M0(^flfat(/)  +  Sa»,a(/)). 

where  Sa  &  is  the  cross-spectrum  of  u  and  u1.  The  measurement  of  <p2  is  thus 
contaminated  by  terms  that  are  proportional  to  02  and  S.  For  measurements  of 
<j>x,  the  value  of  u0  affects  only  the  zero-frequency  spectral  value  <f>{0).  For 
laboratory  data,  the  record  length  can  normally  be  chosen  to  be  considerably 
longer  (say  by  a  factor  of  10  or  20)  than  the  integral  time  scale  of  the  fluctuations, 
and  the  spectral  contamination  problem  is  negligible  because  of  the  small  size  of 
the  residual  u0.  Attention  was  first  drawn  to  this  kind  of  problem  by  Chen  (1969) 
in  connexion  with  correlation  measurements,  for  which  record  means  are  not 
appropriate.  A  discussion  of  similar  questions  concerning  cross-spectral  measure- 
ments has  been  given  by  Helland  (1974). 

The  data  shown  in  figures  1  and  2  are  spectral  averages  over  100  records.  In 
these  data,  a  clear  —  f -power-law  range  in  the  spectra  is  apparent  for  all  spectra 
of  up  to  sixth  order,  but  for  higher  orders  it  is  not  as  clearly  defined,  partly  owing 
to  an  increasing  oscillation  in  the  spectra  near  30  Hz.  The  effect  of  aliasing  in  the 
high  frequency  tails  of  the  spectra  also  becomes  more  apparent  as  the  order  is 
increased.  The  slopes  of  the  dashed  lines  (  —  ■§■)  are  those  predicted  both  by  the 
asymptotic  Gaussian  theory  and  the  present  extension  of  Kolmogorov's  dimen- 
sional theory  [equation  (33)].  The  dashed  lines  also  denote  the  absolute  spectral 
values  predicted  by  the  Gaussian  theory  (except  in  figure  la).  The  present 
theories  both  represent  the  data  fairly  well.  The  present  generalized  Kolmogorov 
theory  clearly  provides  a  good  representation  of  the  data,  in  contrast  to 
the  earlier  proposal  for  inertial-subrange  behaviour  by  Dutton  &  Deaven 
[equation  (2)].  The  frequency  below  which  the  spectra  depart  from  an  approxi- 
mately —  f  slope  increases  monotonically  with  increasing  order.  For  high  fre- 
quencies, the  measured  spectra  are  thus  in  qualitative  agreement  with  the 
Gaussian  asymptotic  theory  and  with  the  trends  observed  by  Dutton  &  Deaven. 

The  asymptotic  theory  was  compared  quantitatively  with  the  present  experi- 
ments by  using  the  measured  lower-order  spectra  to  determine  the  constants 
b  and  A  and  then  comparing  the  measured  higher-order  spectra  with  their  pre- 
dicted magnitudes  obtained  using  the  same  values  of  b  and  A.  The  data  for  the 
frequency  range  10-100 Hz  were  used  in  determining  b  and  A.  A  fit  to  the  data 
for  (j)1  in  figure  1  gives  b  =  7194,  corresponding  to  a  value  of  0t  =  155  at/ =  10  Hz. 
Using  this  value  of  b,  the  values  of  A  determined  from  <p2  and  <fi3  are  A  =  2-6  and 
3-0,  respectively.  The  average  of  these  two  values,  A  =  2-8,  was  then  used  with 
b  =  7194  to  predict  the  values  of  the  higher-order  spectra  using  (33). 

The  fits  for  the  lower-order  spectra  and  the  predicted  spectra  for  higher  orders 
are  indicated  by  the  dashed  lines  in  figures  1  and  2  for  2  ^  n  ^  9.  In  most  cases 
the  predicted  spectral  levels  indicated  by  the  dashed  lines  pass  directly  through 
the  measured  spectral  values,  and  are  in  fact  close  approximations  to  the 
measured  spectra  for  each  value  of  n.  In  view  of  the  large  changes  in  the  absolute 
spectral  level  with  increasing  n,  the  agreement  between  the  asymptotic  formula 
(33)  and  the  measured  spectra  in  the  —  |  range  appears  to  be  quite  good.  For 


479 


On  higher -order  spectra  of  turbulence  685 

n  =  8  and  9,  the  predicted  levels  are  a  bit  high.  For  the  largest  values  of  n  the 
spectra  are  also  becoming  progressively  more  ragged  and  the  —  §  range  is  not 
clearly  defined.  From  the  present  data,  one  may  conclude  that,  for  the  spectra  of 
up  to  and  including  seventh  order,  the  measured  spectra  in  the  inertial  range  are 
in  good  agreement  with  theoretical  predictions  for  higher-order  spectra  of  a 
Gaussian  variable. 

For  the  present  data,  the  extent  of  the  —  f-slope  region  in  the  spectra  is  less  for 
all  higher-order  spectra  than  for  the  first-order  spectrum.  For  comparison  with 
the  low-frequency  ends  of  spectra  predicted  using  the  von  Karman  form  for  <j>x, 
the  complete  higher-order  spectra  for  n  ^  4  were  determined  numerically.  Using 
the  normalized  correlation  function  [see  equation  (Al)  of  the  appendix] 

R(t)/R(0)  =  2?(277T/A)*7Ti(27n-/A)/r(!) 

the  expressions  in  (26)  and  (27)  were  numerically  evaluated  using  a  fast-Fourier- 
transform  routine.  These  numerical  results  also  served  as  a  further  check  on  the 
asymptotic  theory  for  large  /.  The  second-order  spectrum  was  also  evaluated 
using  a  direct  numerical  convolution,  as  a  further  check  on  the  calculations  per- 
formed via  sums  of  Fourier  transforms  of  powers  of  the  correlation  function.  It 
did  not  appear  practical  to  attempt  to  obtain  (j>n  for  n  >  2  by  numerically  evalu- 
ating the  multiple  convolutions  of  (28).  The  results  of  these  calculations,  which 
are  applicable  for  arbitrary  values  of  b  and  A,  are  shown  in  figure  3.  The  numerical 
results  are  in  good  agreement  with  the  asymptotic  theory,  and  show  that  for 
a  von  Karman  spectrum  the  asymptotic  theory  is  a  good  approximation  down  to 
dimensionless  frequencies  F  =  /A  of  about  10,  the  lower  limit  being  a  weakly 
increasing  function  of  the  order  of  the  spectrum.  This  latter  behaviour  is  con- 
sistent with  that  observed  in  the  data. 

The  measured  probability  density  of  the  velocity  fluctuations  is  shown  in 
figure  4.  Although  the  distribution  is  decidedly  non-Gaussian,  the  deviations 
from  Gaussianity  are  small  enough  so  that  the  first  few  moments  are  of  the  same 
order  of  magnitude  as  those  for  a  Gaussian  distribution.  For  a  Gaussian  distribu- 
tion, and  therefore  also  for  the  numerically  determined  spectra  in  figure  3,  the 
values  of  the  moments  are  given  by  (u2n)/(u2)n  =  1  x  3  x  5  x  ...  x  (2n—  1).  In 
view  of  (1),  the  ratios  of  the  areas  under  all  the  higher-order  spectral  curves  are 
therefore  fixed.  However,  as  the  order  increases,  the  moments  will  rapidly  deviate 
from  those  expected  for  a  Gaussian  density.  As  is  well  known,  experimental 
values  of  such  moments  are  a  strong  function  of  the  type  of  flow,  stability  and  the 
position  of  measurement  in  the  flow  (e.g.  the  distance  from  the  boundary  in 
a  boundary  layer).  The  present  good  agreement  between  the  Gaussian  calcula- 
tions of  <fin  and  experimental  values  in  the  inertial  subrange  indicates  that  the 
major  contribution  to  non-Gaussian  behaviour  of  the  higher-order  moments 
comes  from  the  non-universal  low-frequency  end  of  the  first-order  and  higher- 
order  spectra.  Higher-order  moments  and  the  corresponding  low-frequency  por- 
tion of  the  higher-order  spectra  have  not  been  determined  for  the  present  atmo- 
spheric data.  This  would  require  lower  sampling  rates  and  considerably  longer 
samples  of  data  than  were  used  for  the  inertial-subrange  spectral  calculations. 

The  Dutton  &  Deaven  data  are  most  easily  compared  with  the  asymptotic 
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Figure  3.  Numerically  computed  first-,  second-,  third-  and  fourth-order  spectra  obtained 
using  Gaussian  theory  and  normalized  correlation  function  of  von  Karman  spectrum. 
Note  departure  from  inertial-subrange  behaviour  for  low  frequencies  and  decrease  in 

extent  of  inertial-subrange  (— f)  behaviour  as  order  of  spectrum  increases.  ,  (j)l; 

»  4>% ;  — '  &z  '> '  &• 

theory  using  (34).  In  processing  their  data,  Dutton  &  Deaven  worked  with  the 
velocity  normalized  with  its  variance,  i.e.  ujRu(0)i,  v/Rv(0)i,  etc.,  and  the  spectral 
data  they  presented  are  also  given  in  terms  of  the  velocity  components  normalized 
with  their  variances.  For  this  reason,  the  ratio  of  any  of  their  spectral  results  to 
their  first-order  spectrum  corresponds  exactly  to  the  definition  of  the  dimension- 
less  spectrum  given  in  (34).  We  therefore  can  simply  multiply  their  first-order 
spectrum  by  4,  27  and  60  in  order  to  compare  their  experimental  results  with  the 
asymptotic  theory  for  <^2,  <pz  and  <fi4,  respectively.  Results  of  this  comparison  are 
illustrated  in  figure  5,  which  is  a  replot  of  the  Dutton  &  Deaven  LO-LOCAT  750  ft 
data.  These  data  exhibited  the  most  regular  behaviour  in  the  inertial  subrange, 
and  appear  to  be  the  most  suitable  of  their  data  for  the  present  comparison.  The 
asymptotic  theory  predicts  the  magnitudes  of  the  higher-order  spectra  quite  well, 
and  the  agreement  is  as  good  as  one  could  hope  for,  considering  the  relatively 
small  extent  of  the  inertial  subrange  covered  by  the  data.  These  measured  spectra 
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Figure  4.  Probability  densities  of  u(t)  for  present  atmospheric  boundary-layer  data  and 
mixing-layer  centre-line  data  of  Champagne  et  al.  (a)  Atmospheric  boundary  layer  over 
the  open  ocean.  (6)  Two-dimensional  mixing  layer.  ,  Gaussian  distribution. 
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Figure  5.  First-,  second-,  third-  and  fourth-order  spectra  k<pn(k)  obtained  by  Dutton  & 
Deaven  for  the  LO-LOCAT  750  ft  (altitude)  data.  The  straight  lines,  which  have  a 
slope  of  —  § ,  are  higher-order  inertial -subrange  spectra  predicted  by  asymptotic  Gaussian 
theory  using  the  von  Karman  spectral  form.  Note  that  in  these  co-ordinates  the  —  f  slope 

corresponds  to  the  —  f  power  law  of  Kolmogorov  theory. ,  u,  longitudinal  component 

of  velocity ; ,  v,  lateral  component  of  velocity. 
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Figure  6.  Curve  fit  to  plane-mixing-layer  correlation-function  data  used  for  numerical 

computations  of  higher-order  spectra  shown  in  figure   7.   ,   curve  fit;    O,  data  of 

Champagne  et  al. 

also  exhibit  the  trend  that  the  inertial-subrange  spectral  behaviour  begins  at 
a  higher  frequency  as  the  order  of  the  spectrum  increases.  This  is  consistent  with 
the  trend  in  the  BOMEX  data  and  with  that  predicted  by  the  calculations  using 
the  von  Karman  spectral  model. 

4.  Comparison  of  Gaussian  theory  with  some  laboratory  data 

Laboratory  measurements  on  the  centre-line  of  a  plane  mixing  layer  of  spectra 
of  un(t)  up  to  fourth  order  have  been  made  recently  by  Champagne  et  al.  (1976). 
Their  measurements  were  motivated  by  a  need  to  determine  whether  the  fre- 
quency response  of  their  analog  and  digital  measuring  instruments  and  computa- 
tional techniques  was  adequate  for  determining  the  higher-order  moments  of  u(t). 
Since  raising  a  signal  to  a  power  (e.g.  squaring)  produces  sum  and  difference 
frequencies,  this  operation  produces  higher-order  spectral  energy  at  frequencies 
considerably  exceeding  the  usual  Nyquist  frequency.  As  discussed  by  Van  Atta 
(1974),  if  the  first-order  spectrum  does  not  fall  sufficiently  rapidly,  higher-order 
spectral  mass  can  be  lost  if  the  data  are  processed  according  to  the  usual  Nyquist 
criterion.  Champagne  et  al.  found  that  in  their  case  this  was  not  a  serious  problem, 
and  that  their  measured  spectra  gave  an  accurate  measure  of  the  contributions 
of  various  frequency  components  to  the  higher-order  moments.  Their  first-order 
spectrum  exhibited  a  small  interval  of  roughly /~4  behaviour.  They  noted  that  in 
this  frequency  interval  their  higher-order  spectra  did  not  follow  the  trend  pre- 
dicted by  (2),  but  rather  the  spectra  became  somewhat  less  steep  (on  a  log-log 
plot)  as  the  order  increased. 
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Figures  l(a,b).  For  legend  see  next  page. 
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Figure  7.  (a)  First-,  (6)  second-,  (c)  third-  and  (d)  fourth-order  normalized  spectra  for 
plane -mixing -layer  centre-line  data. ,  numerical  Fourier  transform  using  correla- 
tion-function curve  fit  of  figure  6 ;  O ,  data  of  Champagne  et  al. 
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Theoretical  higher-order  spectra  for  the  mixing-layer  data  were  computed 
from  (26)  and  (27),  using  a  three-section  polynomial  curve  fit  to  the  measured 
correlation  function  as  input  to  the  same  program  as  was  used  to  produce  the  data 
in  figure  3.  The  curve  fit  shown  in  figure  6  was  used  to  generate  4096  points  of  the 
correlation  function.  Some  numerical  experimentation  with  the  curve  fit  for  small 
time  lags  r  was  necessary  in  order  to  fit  accurately  the  high-frequency  end  of  the 
first-order  spectrum,  as  only  a  few  points  were  available  for  the  measured  cor- 
relation function  for  small  t.  These  correlation  data  were  then  raised  to  the 
appropriate  powers  and  fast  Fourier  transformed  to  generate  the  terms  in  (26) 
and  (27).  Since  spectra  up  to  only  fourth  order  were  computed,  this  procedure 
required  a  maximum  of  two  Fourier  transforms  for  each  higher-order  spectrum 
computed.  The  resulting  spectra  are  shown  in  figures  7  (a)-(d).  The  computed 
results  for  <$>x  are  in  close  agreement  with  the  measured  spectrum,  indicating  that 
the  fit  to  the  correlation  function  is  adequate,  and  that  the  results  for  the  higher 
orders  can  be  trusted.  As  shown  in  figures  7  (b),  (c)  and  (d),  normalized  spectra  of 
second,  third  and  fourth  order  computed  using  the  Gaussian  formulation  all  lie 
rather  remarkably  close  to  the  measured  values  of  these  spectra.  The  agreement 
becomes  somewhat  poorer  as  the  order  of  the  spectrum  increases,  and  also 
noticeably  degrades  with  increasing  frequency  for  03  and  04.  One  would  expect 
the  discrepancies  between  theoretical  and  experimental  higher-order  spectra  to 
increase  with  increasing  order,  as  the  difference  between  the  measured  moments 
and  those  for  a  Gaussian  random  function  increases  as  the  order  increases.  The 
measured  values  of  the  first  few  higher-order  moments  for  the  mixing-layer  data 
are  (u3)/(u2)i  =  -0-035,  <w4>/<«.2>2  =  2-6,  <«5>/<wa>f  =  -  0-16,  <m6>/<«2>3  =  10-2, 
(w7)/(w2)£  =  —  0-27  and  (tt8)/(t<.2)4  =  52,  compared  with  corresponding  Gaussian 
values  of  0,  3,  0,  15,  0  and  105,  respectively.  The  measured  probability  density, 
shown  in  figure  5,  is  quite  symmetrical  and  to  a  low-order  approximation  is  fairly 
well  described  by  the  Gaussian  probability  density. 

In  terms  of  an  absolute-magnitude  comparison  like  that  made  in  §  3  for  the 
atmospheric  inertial-subrange  srjectra,  the  unnormalized  theoretical  and 
measured  values  of  <j>2  are  in  very  good  agreement,  while  in  the  low-frequency 
range,  which  produces  the  largest  contributions  to  the  moments,  the  theoretical 
and  measured  values  of  tf>3  and  ^4  are  roughly  in  the  ratios  3/2  and  2/1,  respec- 
tively. This  is  the  spectral  equivalent  of  the  difference  between  the  directly 
measured  higher-order  moments  and  the  corresponding  Gaussian  values.  For 
these  data  then,  the  Gaussian  assumption  provides  an  accurate  representation 
for  third-  and  fourth-order  spectra  only  in  the  normalized  representation  in 
which  the  total  area  under  the  spectral  curves  is  equal  to  one. 


5.  Discussion  and  conclusions 

The  original  Kolmogorov  argument  asserts  that,  if  the  energy  spectrum  ^>1  has 
a  range  in  which  it  depends  solely  on  e  and  the  wavenumber  k,  then  it  must  have 
the  form  0X  =  ax  e%k~§~  in  that  range.  Dutton  &  Deaven  proposed  that,  if  the 
Kolmogorov  argument  could  be  extended  in  the  sense  that  nth-order  spectra  0re 
also  had  a  range  in  which  they  depended  only  on  e  and  k,  then  they  must  have  the 
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form  given  by  (2).  This  expression  is  in  serious  conflict  with  the  observations  of 
Dutton  &  Deaven  (?i  ^  4)  and  the  present  data  (?i  ^  9).  Hence  we  conclude  that 
the  Dutton  &  Deaven  extension  of  the  Kolmogorov  argument  is  not  valid.  The 
present  theoretical  generalization  (§2.1)  of  the  Kolmogorov  dimensional  argu- 
ment is  based  on  the  dissipation  terms  in  the  dynamical  equations  for  (u2n)  and 
(u2n+1).  The  resulting  predicted  variation  of  the  higher-order  spectra  with  wave- 
number  is  consistent  with  the  experimental  results.  The  Gaussian  theory  is  also 
in  good  qualitative  and  quantitative  agreement  with  the  experiments. 

The  good  agreement  of  the  normalized  mixing-layer  spectral  data  with  the 
Gaussian  calculations  shows  that  the  Gaitssian  formulation  can  be  used  to  predict 
accurately  entire  spectra  of  arbitrary  order  from  the  first-order  spectrum  or 
correlation  function  when  the  higher-order  moments  are  known  and  the  proba- 
bility density  is  approximately  Gaussian.  Good  absolute  spectral  agreement  is 
obtained  when  the  moments  are  close  to  those  for  a  Gaussian  distribution. 
Further  measurements  of  this  kind  in  other  flows,  especially  a  flow  like  grid 
turbulence,  in  which  the  probability  density  is  more  closely  Gaussian,  might 
serve  as  an  interesting  test  of  the  order  to  which  the  Gaussian  theory  can  furnish 
valid  predictions  for  the  <j)n. 
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Appendix.  Derivation  of  asymptotic  form  of  the  ?ith-order  convolution 
of  the  von  Karman  spectrum 

Define  Gn(f)  as  the  n-fold  convolution  of  (1  +x2)~%.  The  zeroth-order  convolu- 
tion is  the  spectrum  itself,  i.e.  G0(f)  =  (1  +/2)"i  From  Watson  (1944,  p.  185),  the 
correlation  function  is 

fee       e-i2irrx  2^T(h) 

w-J_.(T+?jIfc--R|T!  IM**t<l*T|>.  (AD 

where  K^  is  the  modified  Bessel  function  of  order  J.  Then 
Cn(f)  =  f°°     ei27TfT[R(T)]n+1dT 

J     —  CO 

1         f  °° 
=  c"+1  -  Re       d*t  [z*Ki{z)]n+l  dz,  (A  2) 

n       Jo  * 

where  z  =  2ttt  and  c  =  2#7r£/r(f).  From  Watson  (1944,  p.  202),  for  large  z 

K^z)  ~  {n/2z)ie-'(l-5/(72z)  +  ...).  •  (A3) 

Because  of  (A3),  the  conditions  for  Jordan's  lemma  are  satisfied,  and  we  can 
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swing  the  path  of  integration  up  along  the  imaginary  z  axis  and,  letting  z  =  iy, 
we  have 

CJf)  =  ~"  Re  f"  i  e-yfKiy^E^iy^+i  dy.  (A  4) 

Because  of  the  exponential  factor  in  the  integrand,  for  large  values  of/ the  major 
contribution  to  the  integral  comes  from  small  values  of  iy,  and  an  asymptotic 
result  for  large  /  can  be  obtained  by  expanding  the  integrand  for  small  values 
of£  =  \iy. 

From  the  definition  of  K^  (e.g.  Watson  1944,  pp.  77,  78) 

zlK^z)  =^[zll_i(z)-z^(z)]. 

Keeping  the  first  few  terms  in  the  summations  for  1^  and  Z_j  and  regrouping  gives 
ziKi(z)  =  b[l-a$  +  U2-M%+-] 

1  -  a(n  +  1)  £$  +  \n(n  +  1)  a2£% 


[z^(z)]»+i  =  dn+* 


+  £2(|(n  +  1)_(ZL±^_  , 


})n{n-V,a3\ 


(n+  l)a  —  %n{n+  l)a 


(w  +  l)n(n-l)(n-2)^', 
+ il «4» 


,      (A  5) 


where  g  =  \iy,  a  =  3r(f)/r(-|)  and  d  =  2*7r/3*r(f).  From  (A  4)  and  (A  5), 

xa*(ly)i-(ly)ma(n+l)(2n+l)-iIai(n  +  l)n(n-l)(n-2))  +  ...]. 
Integrating  term  by  term  yields  an  asymptotic  series  for  large/: 

cn(f)  ~  Mr(i)/r(t)]"[(n+i)/-f-2-MB+i)/-i 

+  s{-(2n  +  l)  +  T\n(n-l)(n-2)a*}f^ +  ...], 
or  C7B(/)-(4-20)»[(n  +  l)/-*-»(n  +  l)/-t/l-59  +  ...]. 
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Instrumentation  and  Experimental  Techniques 

The  potential  of  remote  probing  techniques,  both 
acoustic  and  electromagnetic,  for  research  in  atmospheric 
turbulence  has  become  apparent  recently.  Acoustic  wind 
sounding  devices,  both  one-dimensional  [Beran  et  ai, 
1971]  and  three-dimensional  [Beran  et  ai,  1974;  Mahoney 
et  ai,  1973]  have  been  built.  This  'acoustic  radar'  is  sensi- 
tive to  both  temperature  and  velocity  fluctuations  [Cron- 
enwelt  et  ai,  1972],  and  much  of  its  early  use  has  been  for 
monitoring  the  height  and  structure  of  low-level  inver- 
sions [  Wyckoffet  ai,  1973].  Early  work  has  also  dealt  with 
measurements  of  temperature  fluctuations  and  wind 
speed  and  direction  profiles  for  use  in  gravity  wave  studies 
[Beran  et  ai,  1973].  Emmanuel  et  ai  [1972]  observed 
breaking  Helmholtz  waves  near  an  inversion,  and  Hooke  et 
ai  [1^972]  discussed  planetary  boundary  layer  tPBL) 
waves  detected  with  an  acoustic  sounder  and  a 
microbarograph  array.  The  performance  of  acoustic 
probes  in  turbulence  is  not  yet  fully  understood  but  is 
under  intensive  investigation. 

Theoretical  work  has  been  done  on  sound  wave  pulse 
propagation  in  turbulence  with  a  mean  wind  \E.H.  Brown, 
1972],  on  the  spectral  broadening  of  a  pulse  ( Brown  and 
Clifford,  1973],  on  the  acoustic  scattering  from  a  moving 
turbulent  medium  [Clifford  and  Brown,  1974],  and  on 
refractive  effects  in  monostatic  sounding  [Georges  and 
Clifford,  1972]  and  bistatic  sounding  [Georges  and  Clifford, 
1974].  It  appears  that  some  of  the  differences  between 
calculated  and  observed  echo  properties  are  difficult  to  re- 
concile theoretically  [Beran  et  ai.  19731,  and  side-by-side 
comparisons  with  conventional  instruments  will  be  re- 
Copyright  •  1975  by  the  American  Geophysical  Union. 


quired  for  a  full  assessment  of  acoustic  probe  perfor- 
mance. 

High-resolution  FM  radar  has  been  successfully  used  to 
detect  the  structure  of  elevated  inversions  and  accom- 
panying wave  motions  and  convective  structure  within  the 
PBL  [Bean  et  ai,  1971.  1973a:  Browning  et  ai,  1973a.  b]. 
Riehter  et  ai  [1973]  and  Noonkester  et  ai  [1974]  used  radar 
and  lidar  simultaneouslyin  PBL  research.  Optical  techni- 
ques have  been  developed  for  measuring  horizontal  wind 
divergence  near  the  surface  [Kjelaas  and  Ochs,  1974]. 
Hosier  and  Lemmons  [1972]  described  a  remote 
radiometric  technique  for  detecting  the  height  of  an  ele- 
vated inversion  in  fair  weather.  A  very  complete  status 
report  on  remote  probing  techniques  was  given  by  Little 
[1972]. 

Progress  in  tower-based  instrumentation  has  been 
steady  but  less  dramatic.  There  are  some  new  instru- 
ments, such  as  that  of  Elliott  [1972a]  for  measuring  fluc- 
tuating static  pressure  within  a  turbulent  flow.  Updated 
sonic  anemometers  were  reported  by  Kaimal  et  ai  [19741 
and  Mitsuta  [1974].  Wesely  et  ai  11972]  improved  the 
three-component  pressure  sphere  anemometer,  and  Yap  et 
ai  [1974]  tested  a  yaw  sphere-thermometer  combination 
which  measures  sensible  heat  flux.  Shaw  et  ai  [19731 
developed  a  wide  acceptance  angle  split  film  anemometer 
for  use  within  plant  canopies,  and  Lynch  and  Bradley 
11974]  tested  a  new  surface  drag  meter  which  gives  the 
surface  friction  velocity  for  boundary  layer  studies.  Pro- 
peller anemometers  continued  to  receive  attention;  Hicks 
[1972]  and  McBean  [1972]  analyzed  their  suitability  as 
tower-based  turbulence  sensors,  and  Fichtl  and  Kumar 
[1974]  and  Dnnkrow  [1972]  discussed  their  response 
characteristics.    A    1970   joint    comparison    experiment 
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[Tsvang  et  aL,  1973)  showed  generally  good  agreement 
among  sonic  and  propeller  anemometers  and  gave  useful 
insight  into  the  dependence  of  turbulence  statistics  on  in- 
strument differences  and  data  processing  techniques. 
Smith  [1974]  compared  sonic  and  thrust  anemometers  and 
found  good  agreement  in  speed  and  stress  measurements. 
Some  aspects  of  the  nonlinear  response  of  cup 
anemometers  and  their  effect  on  speed  measurements 
were  discussed  by  Hyson  (19721  and  Wyngaard  et  al. 
[1974a].  For  detailed  reviews  of  contemporary  instrumen- 
tation and  techniques  for  surface  layer  turbulence 
measurements  over  land  see  Kaimal  [19751;  over  sea, 
Friehe  et  al.  [1975]. 

Delicate  instrumentation  once  seen  only  in  the  laborato- 
ry now  is  routinely  used  outdoors;  hot  wire  anemometers 
and  thermometers,  for  example,  are  well  established. 
Equivalent  bandwidth  measurements  can  be  made  with 
larger  diameter  wires  for  velocity  than  for  temperature 
because  of  the  bandwidth  gains  in  constant  temperature 
anemometry  circuitry.  According  to  Friehe  et  al.  [1975], 
4-jt-diameter  hot  wires  are  typically  used  for  velocity  fine 
structure  measurements,  with  25-/x -diameter  hot  film 
probes  sometimes  preferred  for  their  stability  of  calibra- 
tion. Boston  and  Burling  [1972]  used  0.25-M-diameter  Pt 
wires  to  measure  temperature  fine  structure  in  the  sur- 
face layer.  The  spatial  and  temporal  resolution  of  these 
fine  wires,  and  their  parasitic  sensitivity  to  velocity,  has 
been  studied  by  Wyngaard  [1971a,  6]  and  Larue  et  al. 
[1974].  With  the  increasing  activity  in  fine  structure 
research  the  digital  processing  techniques  reviewed  by 
Van  Atta  [1974]  and  the  data  processing  hazards  discussed 
by  Tennekes  and  Wyngaard  [1972]  are  of  interest. 

Turbulence  measurements  from  aircraft,  which  can  re- 
quire an  inertial  platform  [Lilly  and  Lenschow,  1974], 
have  given  high-quality  data  [Pennell  and  LeMone,  1974] 
with  less  statistical  uncertainty  than  one  expects  from  fix- 
ed instruments, 'because  the  higher  aircraft  speed  reduces 
the  required  averaging  time  [Wyngaard,  1973],  Some  of 
the  tradeoffs  in  measuring  fine  structure  from  aircraft  are 
discussed  by  Sheih  [1972a  ]. 

PBL  Studies 

Busch  [1973]  and  Panofsky  [1973,  1974]  have  done  in- 
depth  surveys  of  recent  research  on  the  structure  of  the 
lower  portion  of  the  planetary  boundary  layer  iPBL). 
Perhaps  the  most  complete  flux  profile  data  are  those  of 
Businger  et  al.  [1971],  whose  reduced  von  Karman  cons- 
tant (0.35  rather  than  0.40)  is  consistent  with  predictions 
by  Tennekes  [19736].  New  evidence  in  support  of  the  tradi- 
tional value  has  since  been  reported  by  Pruitt  et  al.  11973]. 
McCarl  et  al.  [1973],  using  measurements  up  to  150  m, 
found  general  agreement  with  previous  flux  profile  rela- 
tions at  lower  levels. 

Knowledge  of  turbulence  structure  in  the  lowest  30  m 
has  been  considerably  refined.  Turbulence  energy  budget 
Studies  [Wyngaard  and  Cote,  1971;  McBean  et  al.,  1971; 
Garratt,  1972]  show  that  energy  flux  divergence  is  large 
under  unstably  stratified  conditions,  and  the  first  study 
suggests  that  the  pressure  work  term  (not  measured 
directly)  is  also  large,  a  result  which  was  not  evident  from 
previous  work.  A  pioneering  attempt  to  measure  pressure 
statistics  directly  was  made  by  Elliott  [19726]  under  near- 
neutral  conditions.  Turbulent  fluxes  were  measured 
directly  via  correlation  techniques  [Haugen  et  al.,  1971], 


were  inferred  from  spectral  measurements  and  turbulence 
budget  assumptions  [Hicks  and  Dyer,  1972;  Stcgen  et  al., 
1973],  or  were  inferred  from  simple  scalar  measurements 
[Tillman,  1972].  Flux  measurements  at  points  separated 
by  a  few  meters  vertically  and  larger  distances  horizon- 
tally were  found  to  track  well,  supporting  the  use  of  single- 
point  fluxes  in  similarity  analyses.  Direct  flux  measure- 
ments were  also  made  over  the  sea  [Pond  et  al.,  1971; 
Dunckel  et  al,  19741  and  over  ice  [Banke  and  Smith,  1971, 
1973;  Smith,  1972;  Thorpe  et  al.,  1973].  The  now  routine 
availability  of  turbulent  fluxes  has  allowed  detailed 
analyses  of  turbulence  structure  in  the  Monin-Oboukhov 
(M-O)  similarity  framework  [  Wyngaard  et  al.,  1971c;  Mc- 
Bean, 1971;  Arya,  1972]  and  detailed  studies  of  transport 
processes  [McBean,  1973,  19741.  There  is  now  widespread 
support  for  the  MO  similarity  hypothesis  and  general 
agreement  on  many  of  the  universal  functions,  although 
some  statistics,  notably  those  involving  horizontal  wind 
fluctuations,  seem  not  to  follow  the  M-0  predictions.  It 
seems  that  for  these  quantities  the  depth  of  the  PBL  might 
also  have  an  influence,  although  this  is  difficult  to 
establish  experimentally.  Taylor  119716],  Brutsaert  [19721, 
Lettau  [1973],  and  Kaimal  [1973]  have  studied  aspects  of 
surface  layer  structure  under  stable  stratification,  and 
Businger  and  Arya  [1974]  have  discussed  the  steady  state 
structure  of  the  stable  PBL. 

Many  studies  of  spectra  in  the  surface  layer  have  been 
done  [Phelps  and  Pond,  1971;  McBean  and  Miyake,  1972; 
Kaimal  et  al.,  1972;  Wyngaard  and  Cote',  1972;  Smedman- 
Hogstrom,  1973;  Sharan  and  Wickerts,  1974],  and  there  is 
now  general  agreement  on  shapes  and  stability  depen- 
dence. The  Taylor  conversion  from  frequency  to  wave 
number  spectra  received  some  support  [Powell  and 
Elderkin,  1974].  Experimental  evidence  supporting  local 
isotropy  has  accumulated,  and  the  inertial  range  velocity 
spectral  (Kolmogorov)  constant  seems  settled  between  0.5 
and  0.6.  The  temperature  constant  has  more  spread,  with 
dissipative  range  measurements  [e.g.,  Boston  and  Burling, 
1972]  being  about  twice  those  from  inertial  range  data 
[Kaimal  et  al.,  1972;  Pacquin  and  Pond,  1971)  for  unknown 
reasons.  Frenzen  [1973]  has  related  the  von  Karman  and 
Kolmogorov  constants  through  the  turbulence  energy 
budget  in  the  surface  layer. 

While  most  surface  layer  research  has  assumed  horizon- 
tally homogeneous  conditions,  studies  have  been  made  of 
the  structure  over  inhomogeneous  surfaces.  Hsu  [19711, 
Echols  and  Wagner  [19721,  and  Panofsky  and  Petersen 
[1972]  have  discussed  observations  of  mean  wind  profiles 
in  the  response  region  of  water-land  flow.  The  data  are 
generally  consistent  with  model  predictions,  such  as  the  K 
theory  versions  of  Taylor  [1911  a[  and  Panchev  et  al.  119711, 
turbulence  closure  models  [Peterson,  1971;  Shir,  1972; 
Peters-n  and  Taylor,  1973;  Rao  et  al.,  1974a|.  The  flow  over 
a  step  change  in  surface  moisture  was  studied  numerically 
by  Rao  et  al.  [19746].  In  general,  this  problem  area  suffers 
somewhat  from  the  situation  described  by  Bradshaw 
[1972)  as  'too  many  computers  chasing  too  few  facts.' 
Detailed  measurements  of  inhomogeneous  surface  layer 
flows,  along  the  lines  of  the  laboratory  studies  of  Antunia 
and  Luxton  [1971,  1972],  would  be  valuable  now. 

Flow  structure  in  the  PBL  is  sensitive  to  many  more  in- 
fluences than  that  in  the  surface  layer,  but  recent  experi- 
mental and  theoretical  work  has  extended  the  frontiers 
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here  as  well.  Some  remarkably  detailed  studies  of  PBL  tur- 
bulence structure  have  been  made  from  aircraft;  Panofsky 
and  Mcuzola  [197 1|,  Warner  (1971,  1972,  19731,  Bean  et  al. 
[19721,  Taylor  119721,  Donelan  and  Miyake  [1973],  and 
Pennell  and  LeMune  [19741  have  presented  statistics  of 
velocity,  temperature,  and  humidity  fluctuations  over 
both  land  and  sea.  Thompson  [19721,  Rayment  [19731, 
Gjessing  et  al.  [19731,  and  Caughey  and  Readings  [1974] 
have  presented  measurements  made  from  a  tethered 
balloon,  and  Coulman  [19731  measured  PBL  temperature 
structure  from  a  free-flying  balloon.  Carson  and  Smith 
[1973]  deduced  from  the  Le.pzig  data  that  wind  shear  and 
stress  vectors  are  parallel,  as  assumed  in  K  theory. 
Baroclinic  wind  structure  has  been  considered  by  Berns- 
tein [1973],  Hoxit  [19741,  and  Brummer  et  al,  (19741  and 
has  been  simply  parameterized  for  the  convective  case  by 
Arya  and  Wyngaard  [1975].  Here  again  most  work  has 
dealt  with  the  horizontally  homogeneous  case,  but 
Lenschow  [1974]  has  presented  aircraft  measurements  of 
the  boundary  layer  response  to  cold  air  flow  over  a  warmer 
lake.  Fiedler  and  Panofsky  [1972]  have  proposed  an  effec- 
tive roughness  length  for  inhomogeneous  terrain.  The 
complex  PBL  in  the  Atlantic  trade  region  was  discussed  by 
Augstein  et  al.  [19741,  who  identified  five  distinct 
sublayers  between  the  surface  and  the  trade  inversion. 
This  situation  features  baroclinicity,  cumulus  convection, 
and  subsidence  as  well  as  mechanical  turbulence  and  dry 
convection  and  will  continue  to  be  intensively  studied 
because  of  its  importance  for  larger-scale  motions.  En- 
couraging progress  has  been  made  in  parameterizing  some 
aspects  of  the  problem;  Betts  [1973],  for  example,  discusses 
a  simple  model  for  nonprecipitating  cumulus  convection. 

Mollo-Christiansen  [1971]  has  suggested  that  the  study 
of  the  dynamics  of  discrete  flow  structures  can  provide  in- 
sight into  the  physics  of  turbulent  flow,  and  opportunities 
along  this  line  exist  in  the  PBL.  LeMone  [1973]  considered 
the  dynamics  of  horizontal  roll  vortices  and  found  they  are 
maintained  by  inflectional  instability  and  buoyancy. 
Angell  [1971,  1972]  reported  observations  of  these  vor- 
tices, and  their  stability  has  been  analyzed  by  Kaylor  and 
Faller  [19721  and  R.  A.  Brown  [1972].  Some  aspects  of  con- 
vective plumes  were  discussed  by  Telford  [1972),  Frisch 
and  Businger  [1973],  and  Kaimal  [1974].  Fitzjarrald  [1973] 
and  Sinclair  [1973]  analyzed  measurements  of  dust  devils. 

Significant  advances  have  been  made  in  parameteriza- 
tion of  the  convective  PBL.  Combinations  of  acoustic, 
radar,  and  aircraft  observations  [Konrad  and  Robison, 
1973;  Rowland,  1973;  Robison  and  Konrad,  1974;  Frisch 
and  Clifford,  1974]  have  revealed  convective  structure, 
shown  the  influence  of  an  inversion  lid.  and  given  support 
to  the  structure  shown  by  the  three-dimensional  numeri- 
cal simulations  of  Dearcfor//"[1972a].  Lenschow  [1974]  has 
compiled  data  from  several  experiments  and  suggested  a 
model  of  the  turbulence  energy  budget.  Parameterizations 
were  made  for  convective  layer  growth  [Tennekes,  1973c, 
Stull,  1973;  Carson,  1973;  Carson  and  Smith,  19741,  for  the 
countergradient  heat  flux  [Deardorff,  1972/)),  for  entrap- 
ment effects  on  stress  profiles  [Deardorff,  1973al,  and  for 
stress  maintenance  in  convection  [  Wyngaard  et  al.,  19746). 
Parameterization  of  PBL  processes  is  necessary  in  general 
circulation  models,  as  discussed  by  Tennekes  [19741,  and 
Deardorff  [  1972c)  has  proposed  stability-dependent  models 
for  that  purpose.  Similarity  theories  for  the  PBL  have 


evolved  considerably;  some  have  ignored  the  influence  of 
inversion  lids  [Zilitinkevich,  1972],  but  there  is  increasing 
evidence  of  their  role  in  convective  structure,  and  recent 
efforts  [Zilitinkevich  and  Deardorff,  1974;  Melgarejo  and 
Deardorff,  19741  include  them.  Nevertheless  the  similarity 
picture  remains  somewhat  unclear,  with  some  data 
[Clarke  and  Hess,  19731  indicating  that  the  neutral  height 
scale  (u,/f)  rather  than  the  inversion  height  remains  the 
significant,  scale  in  convective  conditions,  while  model 
studies  [Deardorff  1972a;  Wyngaard  et  al.,  1974c]  show 
the  opposite.  Geostrophic  wind  shear  (baroclinic)  effects 
could  be  the  cause  of  some  of  the  discrepancies  between 
model  predictions  and  observations,  and  recent  attention 
has  been  given  to  this  case  [Schwerdtfeger,  1972;  Hess, 
1973;  Thompson,  1974;  Arya  and  Wyngaard,  1975]. 
Csanady[197 4\  and  Brown  [1974]  have  simply 
parameterized  the  effect  of  an  inversion  of  a  neutral  PBL 
and  show  that  it  can  radically  change  its  structure  from 
that  of  an  unconstrained  Ekman  layer.  It  seems  likely  that 
much  of  the  frequent  lack  of  correspondence  of  PBL 
models  and  observations  is  also  due  to  the  influence  of  ad- 
vective  and  diurnal  changes,  and  as  suggested  by  Pasquill 
[19721,  this  should  be  a  productive  area  for  future  experi- 
mentation. There  have  been  a  number  of  K  theory  numeri- 
cal studies  of  such  effects  [Mak,  1972,  1974;  Mahrt,  1972; 
Sheih,  19726;  Arya,  1973;  Young,  1973]. 

The  turbulence  modeling  area  is  developing  rapidly  and 
has  given  much  insight  into  PBL  structure.  Deardorff 
[1974]  has  continued  his  three-dimensional  simulations 
with  a  study  of  the  evolution  of  a  convective  PBL,  and 
Wyngaard  and  Cote"[  1974)  have  found  very  similar  struc- 
ture from  a  higher-order  closure  turbulence  model.  Shir 
[19731,  Lewellen  and  Teske  [1973],  and  Mellor  [1973]  have 
also  applied  the  latter  type  of  model  to  the  PBL,  and  Mellor 
and  Yamada  [1974)  have  simulated  the  diurnal  evolution 
of  the  PBL  with  a  hierarchy  of  such  models.  Delage  [1974] 
has  used  a  simplified  model  of  this  general  class  to  study 
the  evolution  of  the  nocturnal  case.  Orlanski  et  al.  [1974) 
have  included  the  boundary  layer  in  a  two-dimensional 
mesoscale  model  and  concluded  that  it  responds 
realistically  to  diurnal  forcing.  It  is  hoped  that  future  ex- 
perimental and  modeling  work  will  be  coordinated  to  the 
extent  possible,  because  each  area  has  reached  the  point 
where  it  depends  crucially  on  the  other.  Such  a  study  of 
the  nocturnal  PBL  would  be  valuable  at  this  time. 

Existing  knowledge  of  PBL  structure  has  been  used  to 
advantage  in  a  number  of  problems  affected  by  tur- 
bulence. The  relatively  frequent  occurrence  (compared  to 
a  Gaussian  process)  of  large  strain  rates  in  turbulent  fine 
structure  was  used  to  predict  significant  increases  in 
droplet  collection  efficiencies  in  only  weakly  turbulent 
clouds  [Tennekes  and  Woods,  1973).  Wesely  and  Alcaraz 
[1973)  and  Wyngaard  et  al.  [1971(f)  used  surface  layer 
similarity  theory  to  predict  the  refractive  index  structure 
near  the  ground.  The  statistics  of  energy  containing  range 
velocity  shear,  important  in  structural  applications,  have 
been  studied  by  Fichtl  [1971,  19721  and  Kumar  (1974),  and 
Monahan  and  Armendariz  1 19711  discussed  gust  factors  in 
the  lowest  150  m. 

Encouraging  progress  has  also  been  made  in  the 
laboratory  simulation  of  atmospheric  flow.  Caldwell  et  al. 
[19721  set  up  a  turbulent  Ekman  layer  in  a  rotating  ap- 
paratus and  found  good  agreement,  in  similarity  coordi- 
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nates,  wilh  field  data  A  laboratory  convection  tank  has 
proved  to  have  turbulence  structure  like  that  of  the  con- 
vective  PBL  I  Willis  and  Deardorff.  19741  and  should  prove 
useful  in  simulation  studies.  Diffusion  experiments  have 
already  been  done  in  the  tank  \ Deardorff  and  Willis,  19741. 
panaki  119711  discussed  a  water  tunnel  simulation  of  the 
unstable  boundary  layer,  and  Sadeh  et  al.  119711  have 
modeled  flow  over  high  roughness  elements  in  a  wind  tun- 
nel. Snyder  119721  has  reviewed  similarity  criteria  for  fluid 
model  simulations  of  atmospheric  flow.  Dessens  119721, 
Wan  and  Chang  119721,  and  Ward  119721  have  explored 
various  aspects  of  tornado  dynamics  through  laboratory 
models. 

Clear  Air  Turbulence,  Gravity  Waves,  and  Stable 
Layers 

Intensive  work  has  been  done  recently  on  the  structure 
of  turbulence  in  elevated  inversion  layers  such  as  those 
which  often  cap  'he  PBL.  Much  of  the  recent  activity  is 
due  to  recent  advances  in  remote  probing  techniques. 
which  are  thoroughly  reviewed  by  Ottersten  et  al.  [  1 973]. 
Metcalf  and  Atlas  [19731  used  high-resolution  radars  and 
aircraft  measurements  to  infer  details  of  turbulence  struc- 
ture in  breaking  Kelvin-Helmholtz  waves  in  such  an  in- 
version layer.  Browning  el  al.  il973al.  Readings  et  al. 
119731,  and  Raymeni  and  Readings  1 19741  have  also 
studied  the  dynamics  of  elevated  inversion  layers.  Gossard 
et  al.  [19731  used  radar  to  study  atmospheric  wave  struc- 
ture and  suggested  that  the  multiple-layer  returns  are 
caused  by  reduced  Richardson  number  due  to  wave-in- 
duced shear  as  well  as  background  shear.  Kerman  [1974] 
has  studied  the  maintenance  of  breaking  waves  in  an  in- 
version by  considering  the  turbulence  energy  budget.  Bean 
et  al.  [19736]  used  remote  and  tower  measurements  to 
relate  wave  motion  aloft  to  turbulent  activity  within  the 
PBL.  Hooke  et  al.  [19731  observed  the  generation  of  a  gra- 
vity wave  by  shear  instability  in  the  PBL  and  measured 
directly  the  wave  phase  velocity  and  the  vertical  fluxes  of 
energy  and  momentum  in  the  wave. 

Radar  and  aircraft  measurements  have  also  allowed 
some  detailed  analyses  of  clear  air  turbulence  (CAT) 
structure.  Browning  [19711  discussed  the  structure  near 
large  amplitude  (200  m)  Kelvin-Helmholtz  (K-H)  billows 
at  heights  between  5  and  11  km  and  found  every  occur- 
rence closely  associated  with  well-defined  local  wind  shear 
maxima  as  large  as  9  m/s  per  200  m.  Browning  et  al. 
[19736]  presented  more  details  of  billow  structure.  Hardy 
et  al.  [19731  discussed  observations  of  two-dimensional  K- 
H  billows  near  an  upper  level  frontal  zone,  and  CAT 
8tudies  have  also  been  made  by  Axford  11971],  Delay  and 
Button  [1971],  Kropfh  119711,  Reed  and  Hardy  [1972],  and 
Boucher  119731.  Woodman  and  Guillen  11974]  and  Lilly 
and  Lester  [1974]  discussed  turbulence  observations  in  the 
stratosphere.  Lilly  et  al.  119741  have  derived  eddy 
diffusivities  from  stratospheric  turbulence  data,  and  Ax- 
ford [19731  reported  on  turbulence  on  the  tropopause  sur- 
face which  is  closely  correlated  with  wave  activity.  Moun- 
tain lee  waves  and  their  associated  turbulence  have  been 
studied  by  Lilly  and  Kennedy  119731.  Viezce  et  al.  119731, 
and  Lester  and  Fingerhut  11974].  Dutton  and  Deaven 
(19721  discussed  detailed  CAT  statistics. 

Analytical  work  on  internal  waves  has  been  compared 


to  radar  observations  by  Gossard  et  al.  11971]  and  Gossard 
[19741.  There  have  been  a  number  of  studies  of  the  hy- 
drodynamic  stability  of  a  stratified  free  shear  layer 
Wlaslowe  and  Thompson.  1971;  Breeding.  1971;  (iage, 
1972;  Dudis.  19721.  Howard  and  Maslowe  [19731  have  done 
a  useful  review  of  work  in  this  area.  Hmes  119711  has  dis- 
cussed generalizations  of  the  Richardson  criterion  for  the 
onset  of'  urbulence,  Orlui,*ki  1 19721  has  studied  the  break- 
ing of  internal  gravity  waves,  and  Orlanski  and  Ross 
119731  have  simulated  their  generation  and  breaking  with 
a  two-dimensional  numerical  model. 

Turbulence  Structure  and  Closure  Theory 

Direct  calculation  of  three-dimensional  homogeneous 
isotropic  turbulence,  by  solution  of  the  Navier-Stokes 
equations,  was  reported  by  Orszag  and  Patterson  1 19721 
and  extended  to  turbulent  shear  flow  by  Orszag  and  Pao 
(19741.  The  calculations  were  earned  out  within  a  sphere 
in  wave  number  space,  with  Fourier  modes  beyond  a  max- 
imum wave  number  magnitude  not  allowed.  This  restricts 
the  turbulence  Reynolds  number  «...  and  the  calculations 
to  date  have  been  in  the  range  R^  =  20-40. 

This  restriction  is  not  as  serious  as  it  might  seem, 
because  the  energy-containing  structure  of  turbulent 
flows  is  observed  to  become  Reynolds  number  independent 
fairly  quickly.  Thus  moderate  Reynolds  number  tur- 
bulence calculations  are  very  important  and  have  already 
been  used  to  assess  various  closure  approximations  in 
isotropic  turbulence  models  [Herring  and  Kraichnan, 
1972].  They  tested  Kraichnan's  direct  interaction  approx- 
imation, Herring's  test  field  model,  and  other  closure 
schemes  and  found  that  all  gave  adequate  qualitative 
description  of  the  evolution  of  energy  and  vorticity  spectra 
ai  low  and  moderate  «v.  Herring  et  al.  L 1 973!  have  also 
use.d  direct  solution  of  the  Navier-Stokes  equations  at 
ft  =40  to  study  the  evolution  of  an  initial  velocity 
difference  variance  terror  energy)  in  decaying  isotropic 
turbulence.  They  found  the  error  energy  grew  in  time  even 
when  it  was  initially  confined  to  the  viscous  range,  which 
has  implications  for  the  predictability  of  turbulent  flow. 
They  found  the  direct  interaction  approximation  also  gave 
reasonable  results.  Much  of  the  recent  progress  in  these 
turbulence  simulations  is  due  to  the  development  of  fast 
efficient  numerical  techniques  tsee  Orszag  and  Israeli 
[19741  for  a  review  and  more  references).  Work  has  also 
continued  with  heuristic  models  of  spectral  energy 
transfer  in  turbulence.  Panchev  and  Syrakov  [197  1)  used  a 
Heisenberg  transfer  assumption  and  calculated  velocity 
and  temperature  spectra  in  stratified  flow,  and  Lin  [19721 
calculated  one-dimensional  velocity  spectral  shape  in  the 
inertial  and  dissipative  ranges. 

The  dynamics  of  two-dimensional  turbulence  has 
received  attention  because  of  us  relevance  to  large-scale 
atmospheric  motions  and  their  predictability.  Lilly  11972a, 
61  has  shown  that  idealized  numerical  simulations  of  a 
two-dimensional  turbulence  bear  a  useful  resemblance  to 
atmospheric  flow,  and  his  1973  calculations  also  tend  to 
confirm  Lorenzs  i  1 9721  conclusions  about  the  loss  of  pre- 
dictability of  large-scale  flow.  Leith  [1971 1  has  also  viewed 
the  predictability  of  planetary  scale  motion  in  the  context 
of  two-dimensional  turbulence,  and  Leith  and  Kraichman 
[19721  used  a  test  field  model  to  compute  the  growth  of 
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prediction  error  for  inertial  range  turbulence  in  two  and 
three  dimensions.  They  found  the  initial  uncertainty  at 
large  wave  number  spreads  through  the  entire  inertial 
range  according  to  a  similarity  law.  Charney  (19711  has 
shown  that  quasi-geostrophic  flow  can  strongly  resemble 
two-dimensional  turbulence,  and  Thompson  [1973]  derived 
some  properties  of  two-dimensional  turbulence  through  a 
similarity  argument  for  its  spectrum. 

Considerable  success  has  also  been  had  with  three- 
dimensional  numerical  simulations  on  coarser  grids  which 
do  not  resolve  all  turbulent  activity,  thus  requiring 
parameterization  of  the  subgnd  turbulence.  Deardorff's 
[1972a|  three-dimensional  simulations  of  neutral  and  con- 
vective  PBL  structure  iised  local  eddy  viscosity  assump- 
tions on  the  subgnd  scale,  and  his  more  recent  work 
[Deardorff,  19736,  1974]  used  conservation  equations  for 
the  subgnd  turbulence.  In  most  of  these  simulations  most 
of  the  turbulence  activity  is  resolved  directly,  but  stable 
thermal  stratification  can  cause  trouble  by  decreasing  tur- 
bulence scales  to  subgnd  size. 

A  third  type  of  turbulence  model  now  widely  used  is  the 
'higher-order  closure'  or  'transport'  model.  Here  equations 
for  second-order  single-point  turbulence  moments  are 
closed  approximately  and  carried  along  with  the  mean 
field  equations.  In  this  approach  the  average  structure 
(means,  second  moments)  is  calculated,  in  contrast  to  the 
first  two  methods,  which  give  the  instantaneous  details  of 
the  randomly  fluctuating  flow.  Bradshaw  [1972]  has  sur- 
veyed recent  transport  model  developments.  The  fidelity 
of  a  transport  model  hinges  on  its  closure  assumptions, 
which  typically  are  physically  plausible  but  difficult  to 
justify  from  first  principles.  Lumley  and  Khajeh-Nouri 
[1974]  have  attempted  systematic  closure  via  a  functional 
expansion  technique.  While  the  rational  formulation  of 
transport  models  needs  continued  attention,  existing 
models  have  had  impressive  successes  in  reproducing 
measured  flow  structure  and  can  provide  substantially 
better  predictions  than  eddy  diffusivity  models.  Hanjahc 
and  Launder  [1972]  have  calculated  several  shear  flows, 
and  Donaldson  [19731  discussed  simulation  of  both 
laboratory  and  atmospheric  flow.  Shir  (19731,  Lewellen 


and  Teske  [1973],  Mellor  [19731,  Wyngaard  et  al.  (19746, 
1974cl,  and  Wyngaard  and  Cote  119741  have  done  PBL 
simulations.  Daly  [1974]  calculated  convection  between 
parallel  plates,  and  Naot  et  al.  (19731  used  the  transport 
approach  to  calculate  two-point  correlations. 

The  flurry  of  activity  on  turbulent  fine  structure  in  the 
late  1960's,  stimulated  by  Kolmogorov's  refined  theory  of 
the  structure  of  dissipative  range  turbulence,  has  subsided 
somewhat.  One  refinement  was  the  hypothesis  that  fhe 
distnbution  of  any  locally  averaged  positive  quantity  such 
as  dissipation  rate  should  be  log  normal  in  large  Rk  tur- 
bulence. Mandelbrot  [19721  has  noted  some  deficiencies  of 
this  hypothesis  and  suggested  some  further  refinements, 
and  Kraichnan  [1974]  has  also  critically  examined 
Kolgomorov's  theories.  Chen  [1971]  showed  geophysical 
fine  structure  data  which  support  the  log  normal  hy- 
pothesis. Gibson  and  Masiello  [1972]  found  approximately 
log  normal  distributions  for  squared  temperature  and 
velocity  derivatives  in  flow  over  the  ocean,  and  Kuo  and 
Corrsin  [1971]  found  roughly  log  normal  distributions  for 
velocity  derivatives  in  laboratory  turbulence.  Wyngaard 
and  Pao  [1972]  reported  several  statistical  properties  of 
dissipative  structure  which  are  consistent  with  the  refined 
theory.  Van  Atta  and  Park  [1972]  analyzed  velocity 
difference  statistics  and  found  them  not  consistent  with  a 
self-similarity  hypothesis  but  instead  behaving  in  ways 
consistent  with  the  Kolomogorov  refined  theory.  Van  Atta 
[1971]  has  also  calculated  some  of  the  effects  of  the 
refined  theory  on  inertial  range  statistics  of  a  scalar  and 
finds  some  of  them  strong  enough  to  warrant  attention. 
Tennekes  [1973a]  has  reviewed  many  of  the  consequences 
of  the  refined  theory  and  concluded  that  while  it  does  pre- 
dict many  of  the  observed  features,  there  are  still  many 
unresolved  issues. 

While  the  recognition  that  geophysical  flows  provide 
unique  sources  of  large  /?A  data  has  been  the  key  to  recent 
advances  here,  the  near  inaccessibility  of  many  important 
fine  structure  statistics  to  current  instruments  is  a  con- 
tinuing limitation.  Instrumentation  advances  here  would 
be  particularly  welcome  and  might  well  generate  another 
wave  of  interest  in  turbulent  fine  structure. 
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Abstract.  A  higher-order-closure  model,  which  contains  equations  for  turbulence  covariances  as  well 
as  the  mean  field,  was  developed  and  used  to  investigate  the  structure  of  the  stably-stratified  planetary 
boundary  layer.  The  calculated  surface-layer  profiles  of  wind  shear,  temperature  gradient,  and  dis- 
sipation rate  agree  well  with  the  1968  Kansas  data.  A  simulation  of  the  evolution  of  the  nocturnal 
PBL  reproduces  fairly  accurately  some  observations  from  the  1973  Minnesota  experiments. 


1.  Introduction 

This  paper  presents  an  extension  of  our  planetary  boundary  layer  (PBL)  simulations 
to  the  stably  stratified  case.  The  numerical  model  used  is  of  the  second  moment,  or 
'higher-order-closure'  variety.  Earlier  studies  concerned  the  steady-state  structure  of 
the  neutral  and  convective  cases  (Wyngaard  el  a!..  1974),  stress  maintenance  under 
convective  conditions  in  the  barotropic  (Wyngaard  el  ai.  1974)  and  baroclinic  (Arya 
and  Wyngaard,  1975)  PBL,  and  the  evolution  of  a  convective  PBL  (Wyngaard  and 
Cote,  1974). 

Through  higher-order-closure  models,  one  hopes  to  obtain  a  better  representation 
of  the  physics  of  turbulence  than  is  possible  with  eddy  diffusion  approximations.  This 
can  lead  to  more  accurate  mean-field  predictions  and  to  heretofore  unavailable  in- 
formation on  the  detailed  structure  of  the  turbulence  field.  We  do  not  mean  to  suggest 
that  the  higher-order-closure  approach  is  directly  useful  today  on  the  meso-  or  regional 
scale;  this  requires  two-  or  three-dimensional  models  and  thus  can  quickiy  get  out 
of  hand  computationally.  It  seems  more  likely  that  higher-order-closure  calculations 
will  be  useful  in  generating  turbulence  parameterizations  for  use  in  the  larger  scale 
models. 

Higher-order-closure  modeling  rests,  as  pointed  out  by  Lumley  and  Khajeh-Nouri 
(1974),  on  an  article  of  faith:  if  a  crude  assumption  for  second  moments  predicts  the 
mean  field  adequately,  then  perhaps  a  crude  assumption  for  third  moments  will  predict 
second  moments  adequately.  E\idence  is  rapidly  accumulating  that  second-moment 
predictions  can  be  quite  good  (see  Launder  et  a!.,  1975,  for  recent  laboratory  flow 
simulations  and  more  references).  Unfortunately,  however,  there  is  little  theoretical 
guidance  for  the  rational,  systematic  formulation  of  closure  approximations.  As  dis- 
cussed by  Bradshaw  ( 1972).  one  can  check  the  effects  of  closure  assumptions  by  com- 
paring calculations  with  detailed  measurements,  but  rarely  are  there  data  suitable  for 

*  Present  address:  NOAA  Wave  Propagation  Laboratory,  Boulder,  Colo.  80302. 
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testing  the  closure  assumptions  themselves.  Not  surprisingly,  then,  models  change  as 
new  flows  are  calculated  and  compared  with  data. 

The  model  presented  here  is  an  outgrowth  of  that  used  in  our  earlier  work.  Closure 
refinements  were  made  to  allow  a  reasonable  simulation  of  the  stable  boundary  layer, 
which  includes  reproducing  some  of  its  well  measured  characteristics  as  well  as  some 
new  data  from  the  1973  Minnesota  experiments.  The  model  predictions  for  the  neutral 
and  convective  PBL  remain  substantially  as  reported  earlier.  We  continue  to  stress 
that  the  model  is  evolving,  however,  and  will  probably  need  further  refinements  as 
new  situations  are  modeled. 

2.  The  Model 

We  consider  horizontally  homogeneous  flow,  with  the  mean  velocity  !/,  =  (£/,  V,  O) 
and  mean  potential  temperature  0  governed  by 

3V       d  — 
-+~uW=f(V-Vg), 

Ct  02 

°V  O    — 

+  _nv=/  (1/  g-U),  (1) 

ct       cz 

cO       d  — 
—  +  —  6w  =  0 . 

Ot  dz 

Here/is  the  Coriolis  parameter  2(0  sin<£.  where  co  is  the  Earth's  rotation  rate  and  </> 
is  latitude.  Velocity  and  temperature  fluctuations  are  denoted  by  */,  =  (»,  v,  u)  and  9, 
respectively.  The  geostrophic  wind  components  are  defined  by 

XcP  \cP 

V   = •       V 

9        fdy         9    fix  (2) 

G  =  (U2g  +  Vg2y!\ 

with  P  the  mean  kinematic  pressure,  and  are  assumed  independent  of  height  z.  We 
ignore  moisture  and  radiative  flux  divergence. 
The  turbulence  covariance  equations  are 

-uiuk  +  UitjUjUk  +  Uk<JUjUi  +  (UiUjUk)tJ  =  -  (ukpti  +  Uip>k)  + 

ct 

+  ("kOg,  +  ufigk)iT  -  2ej35ik  -  2oj£ijlnJuluk  -  2uzklmnlumui,      (3) 

TF+2Otj^0  +  (d1Vj\j  =  -2se,  (4) 

ot 

-eui+  Uit jbVj  +  0,  jUjTj  +  (0UiUj\ j  =  -0p^i  +  9^¥-  2wzijkn^k~0, 
Ct  7 

(5) 
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where  p  is  the  fluctuating  kinematic  pressure,  T  is  mean  temperature,  e  is  the  dissipa- 
tion rate  of  turbulence  kinetic  energy  per  unit  mass,  i:g  is  the  corresponding  quantity 
for  temperature  variance,  /;,  is  the  unit  vector  along  the  Earth's  rotation  axis,  and  g , 
is  the  acceleration  of  gravity  vector.  Differentiation  is  indicated  by  a  comma  and  re- 
peated indices  are  summed. 

No  approximations  beyond  those  customarily  made  for  dissipative  terms  in  high 
Reynolds  number  turbulence  (see  Tennekes  and  Lumley,  1972)  have  been  made  in 
deriving  the  second-moment  Equations  (3)  -  (5).  Unfortunately,  however,  the  set 
cannot  be  solved  as  written  because  it  contains  unknowns  of  yet  higher  order.  To  close 
the  system,  we  will  approximate  the  unknowns  in  terms  of  the  mean  field  and  the 
second  moments. 

Starting  with  the  stress  Equation  (3),  we  rewrite  the  pressure  covariances  in  the 
form  suggested  by  Lumley  (1975): 


-("kP.i  +  "iP.k)  +  i(lijP),j  <5«  =  Alk.  (6) 

By  taking  the  divergence  of  the  equation  for  ut,  one  finds  the  following  equation  for 
pressure  fluctuations: 


V  p  =  ~  (",-,  jUj,  i  -  m,,  jiij, ,)  -  2 Uu  jiij, i  +  -  0,  i  -  2coEiJknjUkt ,.  (7) 

The  terms  on  the  right  side  of  Equation  (7)  are  called  the  turbulence,  mean  strain, 
buoyancy,  and  rotation  contributions,  respectively.  Since  the  solution  for  p  can  be 
expressed  in  terms  of  an  integral  of  the  right-side  of  Equation  (7)  over  the  entire  flow, 
one  can  write  a  formal  expression  for  Aik  as  a  flow  integral  of  turbulence  moments  by 
combining  Equations  (6)  and  (7).  One  can  see  that  A!k  will  have  contributions  from 
third  moments  of  »,;  from  products  of  mean  strain  and  second  moments;  from  the 
velocity-temperature  covaiiance;  and  from  a  rotation  term  involving  second  moments 
of  ilj.  The  moments  involve  quantities  at  two  spatial  points. 

This  presents  a  severe  closure  problem  which  is  met  by  parameterizing  Aik.  We 
assume  that 

A*  =  A  J  UiUjJ,  Ui>p  -',  6uij  (8) 

and  require,  in  accordance  with  Equation  (6),  that  Ait  =  0  and  Aik  =  Aki.  We  used  the 

form 

C  / 2£      \ 

uiuk-  —  8ik\-FC1E(Uitk+Ukti)  + 

+  C2  (uiUjUktJ  +  ukUjUitj  -  $8lkumUjUhm)  + 

+  c3(|^i+|^;-i|^A  (9) 

where  IE  =  (/,»;  is  twice  the  turbulent  kinetic  energy,  r  =  2£/e  is  a  turbulence  time 
scale,  and  C,  Cl.  C2,  and  C3  are  constants. 
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The  C  term,  the  only  one  used  in  our  earlier  studies,  represents  the  effects  of  the 
turbulence  term  in  Equation  (7).  It  is  usually  credited  to  Rotta  (1951)  and  called  a 
'return  to  isotropy'  term;  it  destroys  off-diagonal  stresses  and  drives  the  diagonal 
ones  toward  equality.  The  Cx  and  C2  terms  represent  mean  strain  effects  while  C3 
parameterizes  the  buoyancy. 

We  established  values  for  C  and  C,  through  our  usual  procedure  of  forcing  the 
model  to  yield  a  constant-stress,  neutral  surface  layer.  When  the  boundary  conditions 
discussed  later  are  applied  and  turbulent  flux  divergence  terms. dropped,  the  resulting 
algebraic  set  can  be  solved  to  give 

C  =  6.67(1  -C2),  (10) 

d=  0.23(1  -C2). 

We  chose  values  of  C2  =  0.3,  C3  =  —  0.5  by  optimizing  the  fit  of  model  calculations 
to  stable  surface-layer  data,  as  discussed  in  detail  later.  The  model  results  for  the  PBL 
do  not  seem  unduly  sensitive  to  values  of  C, ,  C2,  and  C3 ;  in  fact,  the  neutral  and  un- 
stable PBL  structure  from  the  present  model  differs  little  from  that  with  these  con- 
stants zero. 

For  the  pressure  covariance  in  the  heat-flux  Equation  (5),  we  assume 

TJ=  P^fe  e,  Ut.j,*,tolt  91).  (11) 

We  used  the  parameterization 

p~ft  =  d°^  +  a1^¥  +  a^jfaj,  (12) 

which  includes  turbulence,  mean  strain,  and  buoyancy  effects.  Our  expressions  (9) 
and  (12)  for  the  pressure  covariances  are  very  similar  to  those  suggested  by  Launder 
(1975). 

We  set  d  —  9.1  by  forcing  the  #u-equation  to  satisfy  observations  in  the  neutral 
surface-layer  limit,  as  discussed  in  our  earlier  work  (Wyngaard  et  al.,  1974).  We  used 
a2=—  0.5  as  suggested  by  Launder  (1975).  We  can  get  some  insight  into  the  ap- 
propriate value  of  al  by  considering  the  exact  expression  for  the  buoyant  contribu- 
tion to  p  ft.  In  free  turbulence  (i.e.,  away  from  the  surface),  we  can  relate  our  para- 
meterization in  Equation  (12)  to  the  exact  form  through 

'T  4nT}  |x-y| 

Vol 

where  primed  and  unprimed  terms  are  evaluated  at  y  and  x,  respectively,  and  the  in- 
tegration is  over  all  y.  In  homogeneous  turbulence,  the  temperature  covariance  in 
Equation  (13)  can  be  related  to  the  temperature  spectrum  by 

¥0=  f  etK(x~y)<P(K)dK,  (14) 
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which  gives,  upoa  substitution  and  integration  (see  Crow,  1968) 


9i  TT2 


T 


0' 


gJ 
T 


K:Kj 

-V*(K)dK. 


(15) 


If  the  field  is  isotropic,  Equation  ( 1  5)  gises  al—}.  In  the  isotropic  limit,  therefore,  the 
buoyancy  parameterization  in  Equation  (12)  is  exact.  In  reality,  stable  stratification 
should  restrict  eddy  size  in  the  vertical,  thereby  distorting  constant  <P  surfaces  from 
spherical  and  giving  larger  intercepts  on  the  vertical  wavenumber  axis  compared  to 
the  horizontal.  This  should  increase  ax  toward  its  upper  limit  of  1.0.  Note  that  in  this 
limit,  the  buoyant  contribution  to  the  pressure  covariance  exactly  cancels  the  direct 
buoyant  production  of  On*. 

It  was  found  necessary  to  make  a,  larger  in  stably  stratified  conditions,  as  suggested 
above,  in  order  to  eliminate  spurious  generation  of  heat  flux  by  temperature  fluctua- 
tions. We  used  the  simple  model 


a,  =0.5,        Ri<0, 
ax  =0.5+  1.5  Ri2  -  Ri3 . 
tf,  =  1.0,        Ri>\, 


0  <  Ri  <  1 , 


(16) 


where  Ri  =(g/T)  ©3!'(U*3+  V\)  is  the  gradient  Richardson  number.  This  form  for 
a,  was  chosen  simply  because  it  approaches  both  the  neutral  limit  and  the  cutoff 
value  with  zero  slope.  In  the  usual  range  (Ri  <0.25).  a.  varies  only  from  0.50  to  0.58. 
The  dissipation-rate  equation,  which  in  large  Reynolds  number  turbulence  takes 
the  form  (with  v  the  kinematic  viscosity) 


de 


ot 


+  (EUj).j  =  -  2 vw i,kUi,jUj.k  -  2vau,tJkiu/iAj  =  Imbalance 


(17) 


is  perhaps  the  most  difficult  to  parameterize.  Its  right  side  should  presumably  reflect 
the  influence  of  energy-containing  range  processes,  even  though  dissipation  is  con- 
fined to  the  smallest  scales,  because  e  is  determined  by  the  energy  cascade  from  the 
larger  eddies.  One  can  find  little  fundamental  guidance  for  parameterizing  these 
effects,  however.  We  used 

.2 


Imbalance 


—  e 
~2E 


0t 

It  ill:    Ui     ,  T 

4  +  B    '  '     '-J  -C  — 


Oil: 


D 


-    0U: 

T 


( 


(18) 


with  5=3.5,  C  =  1.0,  D  —  2.0.  This  gave  neutral  and  unstable  PBL  structure  virtually 
identical  to  that  of  our  earlier  model  (B  =  C  =  3.0,  D  =  0)  but  substantially  better 
predictions  of  the  stable  surface  layer. 
Turbulent  transport  was  parameterized  as  before,  with  the  gradient  diffusion  model 


fUi  =  -atfjitjuiz, 


(19) 
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where /is  any  turbulence  quantity  except  w,w.-;  for  that  we  used 


(","*  +  sPs>k)  Uj  =  -  a,(w,wfc), „  umiij  x  (20) 

in  keeping  with  Equation  (6).  The  constant  a,  was  unchanged  at  (4— B)/12.1  in  thj 
e  equation  and  0.15  in  the  others.  The  final  approximation  is  that  for  £0: 

£e  =  1.4-.  (21) 

These  approximations  thus  close  the  set  of  14  equations:  3  for  the  mean  wind  and 
temperature,  6  for  u,Uj,  3  for  6uh  and  one  each  for  02  and  e.  We  solved  the  set  numeri- 
cally using  the  DuFort-Frankel  (1953)  method  on  a  logarithmic,  50-point  grid  between 
1  and  1000  m.  Unless  stated  otherwise,  we  used  west  winds,  45  N  latitude,  v.  Karman's 
constant  £-  =  0.35,  a  roughness  length  r0  =  0.01  m,  and  G=  10  m  s_1. 

At  the  upper  boundary,  a  simulated  inversion  at  height  zf,  all  mean  gradients  and 
turbulence  quantities  were  held  at  zero.  At  the  lower  boundary,  the  variables  were 
required  to  follow  Monin-Obukhov  similarity.  For  neutral  and  stable  conditions,  and 
in  coordinates  aligned  with  the  mean  wind,  we  specified 

—  uwjiit:  =  1.0,       vwju2.  =  uv/ul  =  0, 
i?/t4  =  4.0,  D37n£  =  wJ7uJ  =  1.75, 

WjTl  =  4.0 ,  U  =  —  (  Ln  —  +  4.7  - 

k  V      -20  L 

V  =  0,  e  =  -^(/,,  +  p^:,  (22) 

-Tul 

L  = ,  0(0  prescribed. 

kQod 

For  unstable  conditions,  the  neutral  values  were  used  for  all  but  £  and  the  velocity 
variances;  for  the  latter  we  specified 

"t?  =  4.0ul  +  0.2wl , 
V=  \J5ui  +  0.2wl, 

w*  =  (~Qo^  (23) 

3.  Stable  PBL  Simulations 

3.1.  Some  general  properties 

The  structure  of  the  evolving  nocturnal  PBL  was  explored  with  the  model  by  starting 
from  initial  conditions  typical  of  a  decaying  convective  PBL  at  the  instant  of  transition 
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(vanishing  surface  heat  flux).  We  used  the  same  model  for  simulating  the  evolution  of 
the  convective  layer,  specifying  a  sinusoidal  variation  of  the  surface  heat  flux  and  an 
11-hr  heating  period.  This  gave  a  moderately  convective  PBL  with  i/.,  =  0.4ms"' 
and  zjL=  —  10  near  midday.  After  transition,  the  cooling  rate  near  the  lower  oound- 
ary,  rather  than  the  surface  heat  flux,  was  specified.  An  alternative  is  to  use  a  surface 
energy  budget  and  thus  avoid  specifying  either  the  heat  flux  or  the  cooling  rate. 
Figure  1  shows  the  calculated  history  of  the  surface  friction  velocity  z/*  for  various 


2  4  6  8  10         12 

t,  HRS  AFTER    TRANSITION 

Fig.  1.     Evolution  of  the  surface  friction  velocity  for  various  cooling  rates  at  1  m.  G=  10  ms-1, 
45  N  latitude,  ro  =  0.0!  m,  and  initial  conditions  from  simulated  decaying  convective  layer. 


cooling  rates.  A  rate  of  2  C  hr~ '  at  I  m,  typical  over  agricultural  sites  in  clear  weather, 
decreases  u$  (and  the  surface  wind  speed)  by  a  factor  of  three  within  a  few  hours,  ac- 
cording to  the  model.  Meanwhile,  the  angle  ot  between  the  surface  and  geostrophic 
winds  increases  sharply,  as  shown  in  Figure  2. 

The  rapid  change  in  the  surface  wind  vector  after  transition  is  easily  explained  with 
the  mean  momentum  equations.  In  coordinates  aligned  with  the  geostrophic  wind, 
these  are 


cU  d  — 

_  — -■n.+ZF. 


ev 

dt 


(24) 


vw+f(Vt-U). 
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Fig.  2.     Evolution  of  angle  between  surface  and  geostrophic  winds. 


The  results  indicate  that  near  the  surface  and  immediately  after  transition,  thefric- 
tional  (stress  gradient)  term  dominates  the  first  equation  and  causes  U  to  decrease 
rapidly.  At  this  time  the  frictional  term  is  typically  twice  as  large  as  it  is  near  midday. 
While  the  i/ir-profile  at  transition  retains  the  nearly  linear  shape  characteristic  of  con- 
vective  conditions,  the  vertically  propagating  stable  stratification  caused  by  the  sur- 
face cooling  decreases  uw  magnitudes  aloft  more  rapidly  than  at  the  surface,  thus 
significantly  increasing  the  stress  gradient.  The  terms  in  the  lateral  momentum  equa- 
tion are  much  more  closely  matched,  but  the  geostrophic  departure  term  does  slightly 
exceed  the  friction.  Thus  near  the  surface  after  transition,  U  drops  sharply  while  V 
slowly  increases  in  magnitude,  causing  the  surface  wind  speed  to  decrease  and  the 
cross-isobaric  angle  to  increase. 

Above  the  stable  layer,  the  calculated  stress  gradients  decay  to  negligible  levels 
within  a  few  hours.  The  mean  momentum  equations  then  reduce  to,  for  our  idealized 
case,  with  steady  G  and  horizontal  homogeneity, 


d 

6t 

d 

dt 


(25) 


T-Ug)=f(V-Vg), 

r-Vg)=f(Ug-V), 

so  that  U  and   V  oscillate  about  Ug  and  Vg,  respectively.  In  coordinates  such  that 
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Vg  —  0,  the  following  simple  equation  governs  the  mean  wind  speed  S: 

ds       G 

—  =f-V.  (26) 

dt         S  K     ' 

In  the  idealized  mid-afternoon  convective  PBL,  the  (/u-profile  decreases  essentially 
linearly  from  —  u\  at  the  surface  to  zero  at  r,,  the  height  of  the  inversion  base.  (This 
assumes  negligible  mean  momentum  change  across  the  inversion;  if  not,  the  momen- 
tum entrainment  process  will  distort  the  stress  profiles,  as  shown  by  Deardorff  ( 1973)). 
Our  mid-afternoon  estimate  for  fV  is  then 

•   ui 
fV^-.  (27) 

h 

Since/I7  does  not  change  rapidly  after  transition,  it  should  remain  positive,  and  Equa- 
tion (26)  then  predicts  increasing  wind  speeds  aloft  after  sundown;  this  is  commonly 
referred  to  as  the  nocturnal  jet,  and  the  speeds  can  be  supergeostrophic. 

Even  over  homogeneous  terrain,  the  evolution  of  the  jet  is  probably  influenced  by 
at  least  two  other  effects  -  advection  and  turbulence.  If  the  advective  term  in  Equation 
(26)  is  of  the  order  of  the  retained  term,  we  have 

SAS  ,     x 

l/.S,.~--~/V,  (28) 

and  if  we  use  Equation  (27)  for  a  crude  estimate  of/  V,  we  find 

S  AS 

J  a xt.  (29) 

«*  "* 

Using  typical  values  of  S/u*  =  25,  w*  =  0.4  m  s_1,  AS  =  1  m  s-1,  r,=  1.5  km,  we  find 
/  =  102  km.  This  means  that  alms-1  change  in  S  over  a  horizontal  distance  of  100 
km,  probably  not  an  unusual  situation  even  over  homogenous  surfaces,  creates  an 
advective  term  as  large  as  the  single  term  we  kept.  A  second  complication  is  that  sig- 
nificant frictional  forces  can  exist  due  to  wave  motions  and  associated  intermittent 
turbulence.  In  practice  then,  the  nocturnal  jet  may  evolve  in  a  somewhat  different 
manner  than  implied  by  Equations  (25)  and  (26). 

The  calculated  surface  heat  flux  histories  are  shown  in  Figure  3.  With  the  prescribed 
constant  cooling  rate,  the  initial  increase  in  Q0  is  linear;  when  the  thermal  stratifica- 
tion becomes  strong  enough  to  affect  the  flow,  a  feedback  effect  limits  the  heat  transfer. 
For  strong  cooling  rates,  there  is  a  secondary  recovery  in  QQ  which  might  be  associated 
with  the  increasing  wind  speed  in  the  nocturnal  jet.  Figure  4  shows  the  evolution  of 
the  Obukhov  length  L. 

The  model  indicates,  through  Figures  1-4,  that  the  nocturnal  PBL  can  approach  a 
steady  state  a  few  hours  after  transition.  Turbulence  is  confined  to  a  layer  of  thickness 
h  which  we  have  arbitrarily  taken  as  the  height  where  stress  has  decreased  to  5% 
of  its  surface  value.  Figure  5  shows  typical  turbulence  profiles  within  this  layer.  The 
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Fig.  3.     Evolution  of  surface  heat  flux. 
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Fig.  4.     Evolution  of  Obukhov  length. 
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Fig.  5.     Turbulence  profiles  within  steady-state  stable  PBL. 
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Fig.  6.     Stability  dependence  of  depth  of  stable  PBL. 
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vertical  heat  flux  profile  is  not  shown  but  also  decreases  essentially  linearly  to  zero  at 
z=/j. 

The  model  predictions  for  h  are  plotted  in  dimensionless  form  in  Figure  6.  The  line 
through  the  data  is 

-1/2 

(30) 


hf  /"* 

—  -0.22 


which  is  the  power  law  predicted  on  dimensional  grounds  by  Zilitinkevich  (1972). 
Businger  and  Arya  (1974)  also  obtained  this  power  law  with  a  A'-model,  but  find  a 
constant  factor  about  twice  ours. 

The  profiles  of  two  Richardson  numbers, 


9 


0 


,  3 


9  IT 


/?.= 


vu  +  K\ 


Rr  = 


UMj  Uu 


(31) 


are  shown  in  Figure  7.  Near  the  surface  they  should  be  functions  only  of  z/L,  and 
recasting  them  in  terms  of  z'h  leaves  a  hjL  dependence  (or  equivalently.  a  uJ(fL) 
dependence)  as  shown  in  Figure  7  near  the  origin.  The  calculations  suggest  a  similar 
dependence  exists  near  the  top  of  the  layer  as  well. 
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Fig.  7.     Variation  of  gradient  and  flux  Richardson  numbers  with  height  in  the  stable  PBL. 
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While  many  of  these  results  are  difficult  to  test,  there  are  abundant  measurements 
of  mean  wind  speed  and  temperature  in  the  nocturnal  surface  layer.  The  1968  Kansas 
data,  for  example,  show  that  (Businger  et  a/.,  1971) 


ZL/,3  =  0m=  1  +4.7*-, 
«*  L 

kz 

—  0=(})h  =  0.74  +  4.7     , 


(32) 


within  the  first  30  m  or  so.  These  are  compared  with  the  model  predictions  in  Figure 
8.  The  4>h  data  agree  remarkably  well,  while  the  <j>m  values  from  the  model  tend  to  be 


JO 

6 


•    Model  simulotion  ,  c£ 
o   Model  simulation,  <£>  l 


d>     --I  +  4.7Z/L 

~m 

<f>.   =  0.74  +  4.7  z/L 


I 


0 


.2 


.3 
z/L 


.4 


.5 


.6 


Fig.  8.     Comparison  of  dimensionlcss  \wnd  shear  (6,„)  and  temperature  gradient  (<f>h)  profiles  in 
stable  surface  layer  with  those  observed  in  Kansas  experiments 


about  20%  higher  than  the  observations.  The  model  Ri  values  near  the  surface  are 
therefore  probably  low  by  about  30 °0. 

The  dimensionless  dissipation  rate  4>c  is  shown  in  Figure  9.  If  in  the  stable  surface 
layer  the  flux  divergence  term  in  the  turbulent  kinetic  energy  budget  is  negligible,  the 
steady-state  budget  reduces  to 


k, 


—  £  =   (f)e   =   </>m   _ 


1  +  3.7 


(33) 


Direct  (f>t  measurements  seem  to  be  slightly  higher  than  indicated  by  Equation  (33) 
(Wyngaard  and  Cote,  1971),  but  not  conclusively  so  because  of  the  experimental  dif- 
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Fig.  9.     Comparison  of  dimensionless  dissipation-rate  (6C)  profile  in  stable  surface  layer  with  a  trans- 
port-free prediction  based  on  Kansas  observations. 
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Fig.  10.     Results  for  gcostrophic  drag  law  parameters  compared  with  Wangara  data. 
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Acuities  and  the  sparse  data.  The  model  results  in  Figure  9  agree  quite  well  with 
Equation  (33). 

Our  final  result  of  a  general  nature  concerns  the  geostrophic  drag  law.  It  is  usually 

written  in  coordinates  aliened  with  the  surface  wind  as 


B 


A 


fL 


In 


K 


f-o 
V. 


<34) 


although  sometimes  A  and  B  are  interchanged.  Our  results  are  shown  in  Figure  10 
along  with  the  trends  of  the  Wangara  data  as  reported  by  Businger  and  Arya  (1974). 

3.2.  Comparison  with  1973  Minnesota  data 

We  have  also  tested  some  of  the  model  predictions  for  an  evolving  nocturnal  PBL 
against  data  from  the  1973  Minnesota  experiments.  A  discussion  of  this  program,  and 
the  results  from  tethered  balloon  and  tower  measurements  in  the  convective  PBL, 
are  presented  by  Kaimal  el  al.  (1975).  During  the  evening  runs,  the  turbulence  was 
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Fig.  11.     History  of  surface  geostrophic  wind  for  run  2  of  the  1973  Minnesota 'experiments  as  ob- 
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virtually  extinguished  within  a  few  hours  due  to  the  high  surface  cooling  rates  and 
decreasing  surface  geostrophic  wind  speed.  We  chose  run  2,  where  these  effects  were 
least,  for  simulation. 

We  concentrated  our  comparison  on  turbulence  properties  in  the  tower  layer.  W: 
chose  this  layer  because  short  (15-min)  averaging  periods  were  needed  for  the  non- 
stationary  field  data  in  the  early  evening  hours.  This  is  not  long  enough  for  statistically 
stable  averages  above  a  few  tens  of  meters  height,  so  the  1 5-min  data  from  the  tethered 
balloon  tend  to  be  unusable  due  to  scatter. 

The  surface  geostrophic  wind  history  for  the  run  was  found  from  the  data  of  Figure 
1 1.  The  components  of  the  horizontal  mean  pressure  gradient  were  found  from  2-point 
differences  in  hourly  surface  pressure  observations  taken  to  0.1  mb.  Two  sets  of 
stations  were  used,  one  oriented  N-S,  E-W,  the  other  NE-SW,  NW-SE,  with  the 
separations  ranging  from  350  to  580  km.  The  smooth  curves  faired  through  the 
points  in  Figure  1 1  were  used  as  the  geostrophic  wind  input  to  the  model.  After  transi- 
tion (1845  local  time)  the  cooling  rate  at  1  m  was  fixed  at  the  observed  value  of  2.75 
C  hr_1.  As  with  our  simulations  mentioned  earlier,  the  initial  conditions  for  the  model 
study  of  run  2  were  generated  from  a  simulation  o\'  the  convective  PBL  of  that  day. 

The  calculated  m„  history.  Figure  12,  agrees  well  with  the  observations,  which  were 
terminated  about  4  h  after  transition  because  the  turbulence  levels  were  too  low.  The 
vertical  heat  flux  at  4  m,  Figure  13,  shows  the  characteristic  rapid  increase  after  transi- 
tion followed  by  a  drop  as  stability  suppresses  the  turbulence  and  limits  the  heat 
transfer.  The  experimental  points  in  Figure  13  are  somewhat  scattered  and  probably 
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Fig.  13.     Vertical  heat  flux  at  4  m  compared  with  data  from  run  2. 
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compared  with  observations. 


consistently  low  by  about  10%  because  of  path-averaging  losses  in  the  20-cm  sonic 
anemometer,  but  again  the  overall  agreement  with  the  calculations  is  good. 

Heat  flux  was  also  measured  at  32  m  on  the  tower  and  61  m  on  the  balloon  cable, 
so  we  could  plot  heat-flux  profiles  and  determine  the  height  where  the  flux  vanished. 
Figure  14  shows  these  data,  along  with  the  model  calculations  which  behave  in  the 
»ame  way. 

Figure  15  compares  representative  turbulence  quantities  at  32  m.  The  predicted 
rms  vertical  velocity  behavior  is  very  much  like  the  observations,  with  the  most  sig- 
nificant difference  the  mismatch  at  transition.  The  agreement  in  the  temperature  is  not 
quite  as  good. 

4.  Summary  and  Conclusions 

Judging  from  the  good  agreement  between  the  calculations  and  the  surface-layer  data 
from  Kansas  and  Minnesota,  the  model  predicts  the  structure  of  turbulence  from 
neutral  to  moderately  stable  stratification  fairly  well. 

Observations  indicate  that  the  extremely  stable  stratification  at  greater  heights  in 
the  nocturnal  PBL  is  accompanied  by  unusual  flow  structure.  Some  of  the  most  de- 
tailed observations  in  very  stable  conditions  come  not  from  the  atmosphere  but  from 
the  thermocline  in  the  ocean  (Woods,  1969),  and  reveal  a  complicated  microstructure 
in  the  velocity  and  temperature  profiles.  Stewart  (1969)  speculates  this  is  a  mechanism 
that  maintains  the  local  Ri  value  at  some  critical  level,  independent  of  the  macro- 
scopic value.  Woods'  observations  also  show  that  internal  waves  traveling  along  stable 
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sheets  occasionally  become  unstable  and  break  into  isolated  patches  of  turbulence 
which  at  any  instant  cover  only  a  few  percent  of  the  surface  area  of  a  sheet.  Presumab- 
ly this  turbulence  is  responsible  for  virtually  all  of  the  scalar  diffusion.  Stewart  points 
out  that  the  waves  themselves,  as  well  as  the  turbulent  patches,  can  transport  momen- 
tum. Evidently,  these  wave  momentum  fluxes  can  be  large ;  Beran  et  al.  ( 1 973)  measured 
values  on  the  order  of  103  (cm  s-1)2  at  300  m  in  the  nocturnal  PBL. 

Our  model  does  not  predict  the  local  structure,  of  course,  but  rather  the  average 
over  an  ensemble  of  realizations  or  over  a  large,  horizontally  homogeneous  plane. 
One  would  not  expect  these  averages  to  display  the  dramatic  microstructure  observed 
locally.  But  since  turbulence  under  extremely  stable  conditions  is  so  conspicuously 
different  in  some  respects  from  that  in  neutral  and  unstably  stratified  flows,  one  won- 
ders if  the  closure  parameterizations  are  as  effective.  One  also  suspects  that  the  neg- 
lected effects  of  wave  motions,  such  as  local  turbulence  generation  and  direct  momen- 
tum transport,  could  be  important.  Hopefully,  further  theoretical  and  experimental 
studies  of  the  upper  portions  of  the  nocturnal  PBL  will  help  to  answer  these  questions. 
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Results  of  Field  Testing  a  Two-Wavelength 
Optical  Distance-Measuring  Instrument 

G.  M.  B.  Bouricius  and  K.  B.  Earnshaw 

Environmental  Research  Laboratories.  NOAA,  Boulder,  Colorado     X0302 

A  two-color  optical  distance-measuring  instrument  has  been  developed  and  field  tested.  Results  show 
that  the  instrument  has  a  short-term  (1  day)  precision  of  1  part  in  10'  and  a  long-term  (months)  precision 
of  2  parts  in  10'  without  requiring  atmospheric  temperature  measurements.  Simultaneous  measurements 
taken  with  a  model  4  geodimeter  and  with  the  two-color  instrument  show  that  the  two-color  instrument 
has  an  improvement  of  a  factor  of  10  in  the  standard  deviation  over  the  older  model  4.  An  analysis  of  the 
variances  of  the  measurements  shows  that  no  significant  increase  in  precision  of  distance  measurements 
can  be  made  with  this  particular  model  4  instrument  even  with  greatly  improved  temperature 
measurements.  Only  an  instrument  with  inherently  greater  precision  can  benefit  from  greatly  improved 
temperature  measurements. 


Many  electromagnetic  techniques  for  making  precise 
geodetic  distance  measurements  are  described  in  the  literature 
[Earnshaw  and  Owens.  1967;  Wood  and  Thompson,  1970; 
Bender,  1967;  Bean  and  Duiton,  1966].  The  accuracy  of  these 
techniques  is  invariably  limited  by  lack  of  knowledge  of  the 
average  refractive  index  of  the  air  along  the  path.  As  was 
pointed  out  by  Bender  and  Owens  [1965],  simultaneous 
measurement  with  two  colors  of  light  can  provide  the  correc- 
tion necessary  to  account  for  the  refractive  index.  An  instru- 
ment using  two  microwave-modulated  laser  beams  has  been 
under  development  for  several  years  at  the  Wave  Propagation 
Laboratory  (WPL)  of  the  Environmental  Research  Lab- 
oratories of  NOAA.  Because  the  theory  of  operation  of  this 
particular  instrument  has  been  adequately  reported  [Earn- 
shaw and  Hernandez,  1972],  it  is  the  purpose  of  this  paper  to 
describe  only  the  more  important  improvements  in  the  instru- 
ment and  the  latest  results  of  field  testing. 

The  instrument  has  demonstrated  a  long-term  precision  of 
2  x  I0"7  (in  this  paper  precision  means  the  ratio  of  the  stan- 
dard deviation  of  a  variable  to  the  variable)  and  a  short-term 
precision  at  least  10  times  better  than  can  be  obtained  by  us- 
ing a  model  4  (laser)  geodimeter  and  estimating  the  refractive 
index  correction  from  temperature  measurements  at  the  two 
end  points. 

Instrument 

The  instrument,  shown  in  Figure  1,  uses  two  laser  light 
sources.  The  red  light  is  a  helium-neon  CW  laser  operating  at 
a  vacuum  wavelength  of  6329.9  A  and  producing  approxi- 
mately 7.0  mW  of  radiant  power  in  a  beam  that  has  a  diver- 
gence of  1.3  mrad.  The  blue  light  is  a  helium-cadmium  CW 
laser  operating  at  a  vacuum  wavelength  of  4416.8  A  and  radi- 
ating approximately  15  mW  in  a  beam  that  has  a  divergence 
of  0.8  mrad. 

The  two  laser  beams  are  joined  in  a  Wollaston  prism  and 
passed  through  a  KH2PO,  (KDP)  crystal  modulator.  The 
modulator  changes  the  polarization  of  the  optical  beams  at  a 
microwave  frequency  of  approximately  2.7  GHz.  The  light  is 
then  propagated  over  a  path  to  be  measured,  reflected  from  a 
polarization-preserving  telescope,  and  returned  over  the  path 
to  the  modulator  where  a  modulation  phase  comparison  is 
made. 

By  changing  the  frequency  of  modulation  the  modulation 


wavelength  can  be  adjusted  so  that  the  optical  path  length  will 
contain  exactly  an  even  number  of  half  wavelengths.  In  prac- 
tice the  modulation  frequency  of  each  laser  beam  is  con- 
tinuously adjusted  to  achieve  this  balance  because  the  at- 
mosphere (and  hence  the  optical  path  length)  is  continuously 
changing. 

The  instrument  is  self-balancing;  updating  of  the  two  mul- 
tiplexed modulation  frequencies  for  red  and  blue  light  occurs 
250  times/s.  Counters  that  determine  the  average  modulation 
frequencies  during  each  measurement  interval  (normally  10  s) 
are  used  to  average  the  path  length  fluctuations  for  both  red 
and  blue  light. 

Distance  Measuring 

The  apparent  distance  measurements  are  made  by  sub- 
stituting the  measured  red  and  blue  modulation  frequencies 
into  the  following  equations: 


For  red  apparent  length 

nRL   =  lR(C/fR)V2  -  kR 
For  blue  apparent  length 

nBL  =  IB(C/fB)V2  -  kB 


(I) 


(2) 


where  L  is  the  true  length,  nR  and  nB  are  the  average  group  in- 
dices of  refraction  along  the  path  for  red  and  blue  light,  IR 
and  I,,  are  the  number  of  modulation  wavelengths  along  the 
path  for  red  and  blue  light,  (C/fR)  and  (C/fB)  are  the  modula- 
tion wavelengths  in  vacuum  for  red  and  blue  light,  and  kR  and 
k„  are  the  path  length  corrections  for  optical  components  in 
the  red  and  blue  light  beams. 

The  geometrical  distance  is  calculated  by  using  the 
difference  in  the  two  apparent  path  lengths  to  correct  the  red 
apparent  length  for  the  apparent  extra  length  caused  by  the 
atmosphere.  The  corrected  length  is  thus  given  by 


where 


nRL  -  A(nBL   -  nRL) 


(nR  -   \)/(nB  -  nR) 


(3) 


(4) 


Copyright  ©  1974  by  the  American  Geophysical  Union. 


In  a  dry  atmosphere  of  standard  composition  the  correc- 
tion factor  A  depends  only  on  the  two  optical  wavelengths 
and  is  known  to  high  accuracy  [Owens,  1967].  Temperature 
measurements  are  not  needed.  However,  water  vapor  changes 
the  composition  of  the  atmosphere  and  therefore  affects  the 
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Fig    I       Two-laser  microwave-modulated  distance-measuring  instru- 
ment. 


value  of  A  necessary  for  the  true  correction  of  distances.  For- 
tunately, the  dependence  of  A  on  water  vapor  pressure  is 
small,  so  that  a  very  accurate  value  of  water  vapor  pressure  is 
not  needed.  For  example,  if  the  path-averaged  water  vapor 
pressure  measurement  is  in  error  by  3  mbar,  the  error  in  cor- 
rected distance  will  be  less  than  3  X  10~7. 

Since  the  last  report  [Earnshaw  and  Hernandez,  1972]  on 
this  developmental  instrument  several  major  improvements 
have  been  made  in  the  field  installations  and  in  the  electronic 
and  data-handling  systems.  Poured  concrete  pillars,  whose 
foundations  extend  into  the  ground  about  I  m  below  frost 
line,  have  replaced  the  temporary  retroreflector  supports. 
Poured  concrete  foundations  also  now  support  the  tripod  of 
the  instrument  head.  These  changes,  along  with  the  installa- 
tion of  precision  levels  and  optical  plummets,  now  provide  a 
fixed  base  line  suitable  for  observations  extending  over 
months  and  years. 

The  electronic  system  has  been  completely  redesigned  and 
rebuilt  to  reduce  noise,  to  allow  common  electronics  to  be 
used  for  both  optical  signals,  and  to  provide  signal  amplitude 
aperturing  that  prevents  low-amplitude  and  noise  signals  and 
large  saturating  signals  from  affecting  the  self-balancing  cir- 
cuits. 


A  dedicated  minicomputer  has  been  interfaced  with  the  in- 
strument to  provide  automatic  data  logging  and  more 
recently  to  provide  computed  distance  printout. 

Field  Test  Results 

At  the  end  of  June  1972  the  instrument  was  set  up  at  the 
Table  Mountain  Research  Facility  north  of  Boulder, 
Colorado,  to  determine  long-term  stability.  The  instrument 
was  tested  at  various  times  from  July  1972  through  January 
1973  under  a  wide  range  of  meteorological  conditions.  Figure 
2  shows  the  daily  average  distance  as  a  function  of  date.  The 
long-term  average  distance  is  616899.04  ±  0.13  cm. 

To  test  the  influence  of  several  factors  on  distance  measure- 
ment, scatter  diagrams  were  made. of  individual  distance 
measurements  as  they  relate  to  dew  point,  atmospheric 
pressure,  instrument  frame  temperature,  and  air  temperature. 
Only  the  air  temperature,  measured  2  m  above  the  ground  at 
the  instrument  end  of  the  path,  seemed  to  be  related  to  the 
measured  distance;  this  relationship  is  shown  in  Figure  3.  The 
installation  of  the  signal-aperturing  system  was  completed 
after  the  bulk  of  the  data  reported  here  was  collected,  and  it  is 
believed  that  this  result  may  be  caused  by  lower  signal-to- 
noise  ratios  at  higher  temperatures.  Data  taken  subsequently 
will  show  whether  this  apparent  temperature  dependence  has 
been  removed  or  reduced.  Alternatively,  this  temperature 
dependence  may  indicate. a  systematic  bias  in  the  formulas 
that  we  have  adopted  for  the  refractive  index  of  air.  The  bias 
could  be  removed  either  by  making  better  determinations  of 
the  refructi vity  of  air  or  perhaps  more  practically  by  using  the 
observed  temperature  regression  to  remove  the  effect  from 
future  observations.  Whether  it  is  removed  or  not,  the  ob- 
served bias  contributes  only  slightly  to  the  variance  of  the 
measurements. 

Late  in  October  of  1972  we  had  the  opportunity  to  make  a 
direct  comparison  between  the  WPL  two-wavelength  instru- 
ment and  a  model  4  geodimeter  operated  by  personnel  from 
the  National  Oceanic  Service  (NOS).  The  NOS  geodimeter 
was  set  up  to  measure  a  path  parallel  to  our  path,  offset 
laterally  by  about  3  m.  Simultaneous  measurements  were 
made  with  the  two  instruments  with  a  cyclic  schedule  of  3 
hours  of  continuous  operation  followed  by  I  hour  of  rest. 
Measurements  began  at  0600  hours  and  concluded  at  2400 
hours. 

Figure  4  shows  the  point-by-point  distance  measurements 
obtained  during  this  comparison  experiment  as  a  function  of 
the  time  of  day.  Curve  I  was  obtained  by  using  data  from  the 
WPL  instrument  and  using  the  dew  point  and  average  of  the 
pressures  as  measured  at  each  end  of  the  path.  Curve  2  was 
obtained  by  using  data  from  the  NOS  geodimeter  and  using 
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Fig.  2.     Daily  average  distance  as  a  function  of  time.  This  is  a  long- 
term  stability  test. 
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Fig.  3.  Distance  as  a  function  of  temperature  measured  2  m  above 
the  ground  at  one  end  of  the  path.  The  individual  distance 
measurements  not  daily  averages  are  used. 


the  average  temperatures  and  pressures  as  measured  at  each 
end  of  the  path. 

The  0.73-cm  difference  in  average  path  length  mea- 
surements is  not  unexpected;  in  fact,  the  determination  of 
this  offset  was  one  of  the  important  reasons  for  conducting 
this  experiment.  The  reasons  for  this  offset  are:  (1 )  the  instru- 
ment telescope-folding  lengths  are  difficult  to  measure  ac- 
curately and  may  be  in  error,  (2)  the  center  of  polarization 
modulation  in  the  crystal  is  not  known  precisely,  and  (3)  the 
indices  of  refraction,  used  for  correcting  the  modulator 
crystal  length,  are  of  unknown  precision.  The  difference  is  a 
correction  to  the  instrument  constant  that  in  no  way  affects 
the  precision  of  the  measurements.  Another  immediately  ap- 
parent difference  is  the  relatively  smooth  curve  of  the  WPL 
measurement,  showing  a  standard  deviation  of  0.05  cm,  or  '/,„ 
of  the  0.48-cm  standard  deviation  of  the  NOS  geodimeter 
measurement  curve. 

Because  the  WPL  instrument  measurements  are  insensitive 
to  temperature  and  because  the  geodimeter  measurements  use 
the  average  of  the  two  end  point  temperatures  as  a  necessary 
datum,  we  attempted  to  reduce  the  standard  deviation  of  the 
geodimeter  data  by  using  a  path  averaged  temperature 
derived  from  the  two-color  data.  The  path-averaged 
temperature  may  be  obtained  from  the  WPL  measurements 
by  dividing  the  optical  path  length  of  either  color  by  the  long- 
time average  length  to  obtain  the  index  of  refraction.  Using 
the  measured  total  pressure  and  water  vapor  pressure,  we  can 
find  the  corresponding  temperature  necessary  to  produce  this 
index  of  refraction.  When  these  WPL-derived  temperatures 
are  used  with  the  geodimeter  data,  curve  3  is  obtained. 


Because  we  believe  the  temperature  derived  from  the  WPL 
instrument  to  be  a  better  estimate  of  actual  path-averaged 
temperature  than  can  be  obtained  from  end  point 
temperatures,  it  is  interesting  to  note  that  use  of  these  better 
temperature  values  improves  the  standard  deviation  of  the 
geodimeter  measurements  only  slightly  (curves  2  and  3).  An 
analysis  of  the  variance  of  the  distance  measurements  has 
been  made  to  help  in  understanding  these  results. 

For  a  given  set  of  length  measurements  the  total  variance 
may  be  considered  to  be  composed  of  two  parts:  instrumental 
and  meteorological  (principally  owing  to  uncertainties  in  path- 
averaged  temperature). 

To  obtain  data  from  which  we  can  derive  a  distance, 
simultaneous  measurements  are  taken  at  two  wavelengths, 
red  and  blue.  We  may  either  combine  these  measurements  in 
the  two-wavelength  formula  for  distance  or  use  them 
separately  in  a  one-wavelength  distance  formula. 

Because  the  two-wavelength  formula,  (3),  is  insensitive  to 
temperature,  the  total  measurement  variance  is  attributed  to 
the  instrument.  From  this  fact  we  obtain  the  instrumental 
variances  of  the  individual  red  distance  and  blue  distance 
measurements.  From  the  individual  red  distance  and  blue  dis- 
tance total  variances  we  remove  the  instrumental  variances  to 
obtain  the  meteorological  variances.  Using  the  same  sets  of 
meteorological  data  with  geodimeter  distance  measurements, 
we  obtain  total  variances  from  which  we  subtract  the 
meteorological  variances  to  obtain  the  geodimeter  instrumen- 
tal variances.  Variances  that  should  be  identical  but  are  not 
have  been  averaged.  This  is  as  far  as  we  feel  justified  in  going 
at  this  time.  Table  1  is  a  summary  of  the  results. 

Conci  USIONS 

Long-term  tests  under  varying  meteorological  conditions 
have  now  shown  that  the  two-wavelength  instrument  is 
capable  of  measuring  a  distance  of  several  kilometers  with  a 
precision  of  about  2  parts  in  107  without  requiring  tempera- 
ture measurements.  The  precision  of  the  instrument  is  made 
possible  by  using  two  wavelengths  and  a  high  frequency  of 
modulation.  To  obtain  this  precision,  each  of  the  two  iden- 
tical length-measuring  channels  must  have  a  precision  of  1 
part  in  I08  because  the  distance  formula  contains  a  term  that 
is  the  difference  of  the  optical  distances  (red  and  blue)  mul- 
tiplied by  20.  Thus  either  channel  used  alone  can  produce 
length  measurements  whose  precision  depends  only  upon  the 
precision  of  the  measurements  of  meteorological  data. 

Short-term  tests  extending  throughout  a  day  show  the  two- 
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wavelength  instrument  capable  of  measuring  distance  with  a 
precision  of  I  part  in  107. 

It  is  interesting  to  observe  that  the  instrument  variance  of 
the  model  4  geodimeter  is  very  nearly  the  same  as  the 
temperature  variance  of  averaged  end  point  measurements.  If 
better  temperature  measurements  are  not  available,  almost  no 
distance  measurement  precision  could  be  gained  by  im- 
proving the  instrument.  In  addition,  it  is  obvious  that  no 
significant  increase  in  precision  of  distance  measurements  can 
be  made  with  this  particular  instrument  even  with  greatly  im- 
proved temperature  measurements  such  as  might  be  obtained 
by  flying  the  path  with  an  airplane  or  helicopter. 
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FINAL  REPORT  AND  OPERATIONS  MANUAL  FOR  MICROWAVE 
MODULATED,  DUAL  OPTICAL 
DISTANCE-MEASURING  INSTRUMENT 

K.  B.  Earnshaw,  G.  M.  B.  Bouricius,  and  K.  P.  Moran 


The  accuracy  of  optical  distance  measurements  on  horizontal  paths  is 
limited  at  present  by  uncertainty  in  knowledge  of  the  average  air  density 
along  the  path.  This  report  describes  the  development  and  testing  of  a 
prototype  instrument  capable  of  significantly  greater  accuracy,  probably 
as  high  as  0.1  ppm.  The  instrument  makes  simultaneous  measurements  of 
transit  time  using  two  superimposed  beams  of  light  which  have  different 
optical  wavelengths  but  which  are  modulated  at  a  common  microwave  frequency. 
From  the  difference  in  transmit  time  for  the  two  colors,  plus  the  absolute 
transit  time  for  either  one,  the  average  refractive  index  along  the  path 
and  hence  the  true  geodetic  path  length  can  be  determined.  Tests  over  a  6.2 
-km  path  have  given  a  standard  error  of  0.3  ppm  in  corrected  distance,  and  it 
is  believed  that  even  better  results  can  be  obtained.  The  system  is  des- 
cribed in  detail,  including  proposed  modifications  that  would  significantly 
increase  its  accuracy  and  range. 
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Acoustic  antennas  for  atmospheric  echo  sounding 

F.  F.  Hall  Jr.  and  J.  W.  Wescott 

Wave  Propagation  Laboratory.  NOAA  Environmental  Research  Laboratories,  Boulder.  Colorado  80S02 
(Received  31  January   1973;  revised  26  February   1973) 

Utilization  of  acoustic  waves  for  atmospheric  studies  through  echo  sounding  requires  an  efficient 
antenna  with  high  on-axis  gain  and  suppressed  sidelobes.  The  antenna  pattern  for  a  piston  source,  as 
it  influences  the  evaluation  of  the  acoustic  radar  equation,  is  calculated  and  the  effective  gain  factor 
obtained.  Existing  microwave  antennas  and  optical  searchlights  have  been  adapted  for  acoustic  use 
and  their  performance  measured.  A  conical  horn-reflector  antenna  made  of  fiberglass  gives  excellent 
performance  in  the  frequency  region  1-5  kHz  after  being  coated  with  a  viscous  dampening  tar  to 
shorten  vibration  time.  This  damping  allows  reception  of  weak  echoes  with  minimum  delay  following 
the  transmission  of  a  high-power  acoustic  pulse  from  the  antenna.  Septum  dampers  have  been  used 
successfully  on  parabolic-dish  antennas.  Antenna  beam  patterns  have  been  measured  on  an  outdoor 
range,  with  some  measurements  being  made  across  a  canyon  to  avoid  multipath  ground-reflection 
effects.  Mainlobe  to    90°  sidelobe  ratios  are  40  to  50  dB.    The  measured  antenna  pattern  for  the 
horn-reflector  antenna  agrees  closely  with  predictions  for  a  perfect  piston  source.  The  parabolic-dish 
antennas  produce  a  more  complex  diffraction  pattern.  Absorbing  cylindrical  antenna  enclosures  have 
been  found  effective  in  further  reducing  sidelobe  reception  by   10  to  20  dB,  in  agreement  with 
predictions.  Attention  to  antenna  design  allows  acoustic  echo-sounder  operation  in  a  noisy  urban 
environment,  and  keeps  noise  pollution  from  the  sounder  pulses  below  the  annoyance  threshold. 

Subject  Classification :    28.55,  28.20;  85.90. 


INTRODUCTION 

In  this  paper  we  consider  how  the  measured  gain  or 
directivity  factor  pattern  of  an  acoustic  antenna  is  used 
in  evaluating  the  echo-sounding  equation.    We  report  on 
fabrication  techniques  and  testing  methods  found  useful 
when  working  with  highly  directional  horns  and  dishes  in 
the  atmosphere. 

A'coustic  echo  sounding  has  been  shown  to  be  a  valuable 
new  technique  for  investigating  the  structure  and  dynam- 
ics of  the  lower  atmosphere. 1-4    To  take  full  advantage 
of  this  remote  sensing  method,   it  is  important  to  have 
available  acoustic  antennas  producing  sharply  defined 
highly  directive  beams  with  minimized  sidelobes.    Much 
of  the  echo  sounding  is  done  with  the  main  beam  of  the 
antenna  pointed  vertically,  while  most  of  the  unwanted 
background  noise  originates  from  the  surface  of  the 
earth.    In  this  case,  it  is  most  important  to  minimize 
the  reception  of  unwanted  sound  at  90°  to  the  main  lobe. 
This  also  serves  to  reduce  the  noise  pollution  which  the 
pulses  from  the  sounder  might  contribute  to  the  environ- 
ment.    For  some  operations,   it  may  be  desired  to  tilt 
the  main  beam  to  elevation  angles  as  low  as  30° .    Thus, 
it  is  sometimes  desirable  to  minimize  sidelobes  even 
at  this  small  angle  from  the  main  beam. 

In  order  to  perform  quantitative  measurements  of  the 
atmospheric  parameters  contributing  to  the  scattering 
of  acoustic  energy,  it  is  also  necessary  to  know  ac- 
curately the  gain  characteristics  of  the  antenna. 

In  the  sections  which  follow,  the  antenna  gain  factor 
for  a  piston  source  is  evaluated  as  it  enters  into  the 
acoustic  echo  sounding  equation.    Then,   measured  gain 
patterns  for  several  different  antennas  are  presented. 
And  finally,   antenna  efficiency  is  discussed. 

I.    THE  METEOROLOGICAL  ACOUSTIC 
ECHO-SOUNDING  EQUATION 

Acoustic  echo  sounders  probe  the  atmosphere  by 
transmitting  a  pulse  of  acoustic  power  P  of  time  dura- 


tion t.  The  power  Pr  scattered  back  from  the  atmo- 
sphere is  given  by  the  meteorological  acoustic  echo- 
sounding  equation2 

Pr  =  Po(ct/2)AR-zL  ,  (1) 

where  a  is  the  scattering  function  (fraction  of  power 
backscattered  per  unit  solid  angle  per  unit  volume),  c  is 
the  velocity  of  sound,  A  is  the  collecting  area  of  the  re  - 
ceiving  antenna,  R  the  range  to  the  scattering  volume, 
and  L  is  a  compensation  factor  which  accounts  for  chang- 
ing antenna  gain  across  the  beam  as  well  as  atmospheric 
attenuation.    In  the  atmosphere,  the  scattering  structure 
contributing  to  a  is  distributed  throughout  the  volume 
insonified  by  the  beam.    Because  of  varying  gain  at 
angles  of  azimuth  6  and  elevation  <p  from  the  main  axis 
of  the  beam,  the  scatterers  will  receive  a  power  depen- 
dent upon  their  position.    Consider  the  antenna  to  have 
an  on-axis  gain  which  is  a  factor  G(0)  greater  than  an 
omnidirectional  source.    If  the  antenna  acts  as  a  perfect 
piston  source,  the  angular  dependence  of  gain  G(8,  ip) 
may  be  predicted  by  diffraction  theory.    The  acoustic - 
system  compensation  factor  L  may  be  considered  the 
product  of  a  term  attributable  to  the  antenna  gain  pat- 
tern La  and  the  round -trip  atmospheric  attenuation  fac- 
tor Lb ,  or 


L=L„Lh 


(2) 


The  power  backscattered  by  the  total  insonified  volume 
located  within  a  cone  of  some  entirely  general  semi- 
angle  60,  and  with  antenna  gain  averaged  over  this  cone 
as  G(e0)ay .   is 


Pa  =  (P/8)C(e0)„elctoLlk 


1/2 


(3) 


where  the  atmospheric  attenuation  is  along  a  one-way 
path,  thus  explaining  the  square  root  on  the  final  term. 

If  we  now  define  G(6,  </>)  in  terms  of  the  on-axis  gain 
G(0)  and  the  response  representing  the  fraction  of  on- 
axis  gain  R, 

G(9,<p)  =  G(0)R(B,<p),  (4) 
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or,  integrating  over  the  beam  pattern  for  0<  8<  0O,   as- 
suming 8  is  small, 

C°G(6,  i/7)rfu;  =  G(0)  f       fOR(0,cp)9ded(p  .  (5) 

Jo  Jo     Jo 

For  a  perfect  circular  piston  source, 5  the  fraction  of 
the  power  radiated  within  the  cone  is 

(6) 

where  J„(x)  is  the  Bessel  function  of  order  n,  a  is  the 
radius  of  the  antenna  aperture,   and  X  the  acoustic  wave- 
length.   The  use  of  the  baffled  piston  function  [2J(x)/xf 
is  used  to  illustrate  the  similarity  to  the  electromagnetic 
case  without  anticipating  exact  correspondence.    The 
right-hand  side  of  Eq.  6  may  be  integrated  to 

jc(e,^^[w.(^)_,>(^)].(7) 

The  function  in  the  brackets  is  available  in  tabular  form5 
and  is  designated  L(60).    Noting  that  naz  is  the  antenna- 
aperture  area  A,   and  that  the  left  side  of  Eq.   7  may  be 
rewritten  in  terms  of  an  average  gain  over  the  cone  of 
semiangle, 


G(0)X2L(e0) 


(8) 


Then,  the  power  backscattered  from  the  insonified  vol- 
ume defined  by  the  pulse  length  and  the  cone  of  semi- 
angle  80,  obtained  by  combining  Eqs.  3  and  8,  becomes 


PG(0)\2L(60)ctoLl> 


8nA 


(9) 


The  available  acoustic  power  from  the  receiving  antenna 
is  given  by 


R2 


R(80)„L 


1/2 


(10) 


but  since  the  same  receiver  is  used  for  transmitting  and 
receiving, 


^L(e0) 


R{6o)"=^ejA 


(ID 


']• 


(12) 


Combining  Eqs.   9  and  11  with  Eq.   10,  the  final  form  for 
the  meteorological  acoustic  echo -sounding  equation  is 

_  PctaAL,  [G(0)\*L2(eay 
r  "  ~2fl1!        |_  ^60A2 

This  is  equivalent  to  Eq.   1  with  the  "beam -shape  com- 
pensation factor"  term  in  brackets  replacing  the  antenna 
factor  term  La  lumped  in  L,  as  indicated  in  Eq.  2.    In 
selecting  the  cone  semiangle  80,  we  are  guided  by  radar - 
meteorology  practice  for  axially  symmetric  beams, 
where  a  Gaussian  function  is  usually  employed  as  closely 
approximating  the  gain  polar  diagram. 6    For  such  a 
Gaussian  beam,  the  angle  at  which  transmitted  power 
is  half  the  maximum  value,  the  so-called  half -power 
point,  defines  a  beam  within  which  lies  60%  of  the  total 
transmitted  power.    Neglecting  greater  angles  results 
in  an  overall  error  of  but  1  dB. 7   From  a  plot5  of  the 
quantity  L2(80)/ 8$ ,  as  applies  for  a  piston  source,  it  is 
found  that  a  1-dB  error  in  beam  energy  occurs  for  a 
value  of  (277a0o/A)  =  3.    For  an  antenna  with  a  =  0.  6  m, 


used  at  a  frequency  of  2  kHz,  the  beam-shape  compen- 
sation factor  assumes  a  value  of  0.237.    If  the  beam 
half-power  point  for  a  piston  antenna  is  used  instead 
of  the  1-dB  error,  then  the  compensation  factor  is  0.370, 
similar  to  the  factor  0.43  for  a  uniform  illuminated 
square  aperture. 8 

II.    ACOUSTIC  ANTENNA  GAIN-PATTERN  TESTS 

Two  types  of  antennas  have  been  tested  and  used  in 
our  Atmospheric  Acoustics  Program.    These  are  (1) 
conical  horn  reflectors,   and  (2)  prime -focus  parabo- 
loids.   The  configuration  of  the  horn -reflector  antenna 
is  shown  in  Fig.   1.    When  mounted  as  shown,  the  an- 
tenna can  be  directed  to  different  elevation  angles.    The 
electrodynamic  acoustic  transducer  is  bolted  co  a  conical 
adapter  which  serves  as  a  direct  coupling  to  the  conical 
section  of  the  antenna,  providing  a  good  impedance 
match  to  the  atmosphere  while  shielding  the  omnidirec- 
tional characteristic  of  the  transducer.    The  radius  of 
the  antenna  aperture  is  0.  6  m,  with  the  conical  section 
being  approximately  1.5  m  long. 

This  antenna  was  designed  for  microwave  use  at  X 
band  and  has  fiberglass  walls  0.  5  cm  thick.    The  ex- 
terior of  the  antenna  shown  in  Fig.   1  has  been  coated 
with  an  additional  0.  5 -cm  thickness  of  viscous  epoxy  to 
provide  greater  mass  and  reduce  structural  vibration 
time.    A  second  antenna  of  this  type  was  given  an  ad- 
ditional 1 -cm -thick  coat  of  asphaltic  mastic,   resulting 
in  further  reduction  of  vibration.    This  damping  is  im- 
portant since  the  transducer  serves  as  a  microphone 
receiver  only  100  msec  after  a  high -power  acoustic 
pulse  is  transmitted. 

In  order  to  measure  the  gain  pattern  of  the  horn-re- 
flector acoustic  antenna,  two  such  units  were  placed 
30  m  apart,  well  away  from  reflecting  structures.    The 
separation  distance  used  insured  that  we  were  measuring 
the  farfield  diffraction  pattern,  except  at  frequencies 
above  4  kHz,  where  we  were  in  the  outer  limits  of  the 
transition  field.    One  antenna  was  rotated  in  azimuth, 
as  it  radiated  a  constant  acoustic  power  level.    The  sig- 
nal level  received  by  the  other  antenna  was  recorded  as 
a  function  of  the  transmitting  antenna  azimuth. 

Although  the  antennas  were  elevated  about  3  m  above 
ground,  and  there  was  some  depression  of  the  terrain 
between  the  antennas,  there  were  nonetheless  some 
ground-reflection  effects  present.    The  standing  waves 
produced  by  these  reflections  were  studied  by  probing 
the  line -of -sight  path  between  the  antennas  with  a 
sound -level  meter.    The  maximum  fluctuation  of  sound 
pressure  along  the  path  was  about  6  dB.    These  fluctua- 
tions were  considered  acceptable,  especially  since  even 
higher -amplitude  standing  waves  had  been  measured 
during  similar  tests  across  a  shallow  ravine.    Wind  and 
temperature  effects  sometimes  produced  very  large 
fluctuations  in  received  signal  level,  often  as  much  as 
20  dB.    Accordingly,  data  were  taken  only  during  calm 
or  near-calm  conditions  in  order  to  minimize  meteoro- 
logical influences. 

The  results  of  the  horn -reflector  antenna  measure- 
ments are  presented  in  the  polar  diagrams,   Fig.  2.    The 
important  sidelobes  to  consider  for  vertical  sounding  lie 
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in  the  range  70° -90°  from  the  main  lobe.     The  20 
spread  above  the  horizon  is  to  allow  for  atmospheric 
refraction  of  sound  waves  during  strong  temperature 
inversions.     The  plotted  results  represent  the  average 
of  many  independent  measurements  of  the  gain  pattern. 

Using  a  sound -level  meter,  the  transmitting  pressure 
levels  were  measured  across  the  aperture  of  the  antenna 
and  found  to  be  extremely  uniform.    It  is  not  surprising, 
therefore,  that  the  measured  patterns  closely  resemble 
the  predicted  diffraction  pattern  for  a  piston  source, 
represented  by  the  term  in  the  brackets  in  Eq.  6. 

The  measured  90°  sidelobe  suppression  ranged  from 
38  dB  at  1  kHz  to  50  dB  at  5  kHz.    In  order  to  operate 
an  acoustic  echo  sounder  in  noisy  urban  environments, 
it  is  desirable  to  improve  this  rejection  figure  to  70  or 
even  90  dB,   so  that  unwanted  sound  does  not  enter  the 
antenna  and  also  to  minimize  noise  pollution  from  the 
transmitted  pulses.9   Analytical  studies  showed  that 
placing  about  the  antenna  an  absorbing  cylindrical  cuff 
with  a  height  several  times  the  aperture  diameter  should 
achieve  a  20-dB  additional  attenuation  of  the  90°  side- 
lobe.    A  cylindrical  absorber,    3  m  in  diameter  and  ex- 
tending to  2.5  m  above  the  horn-reflector  aperture,  was 
constructed  of  stacked  haybales.    The  measured  ad- 
ditional sidelobe  suppression  at  90°  with  the  haybale 
cylinder  surrounding  the  antenna  ranged  from  22  dB  at 
2  kHz  to  32  dB  at  4  kHz,   in  close  accordance  with  the- 
oretical calculations. 10   The  80    sidelobes  were  sup- 
pressed between  16  and  20  dB  with  this  same  shield. 

In  addition  to  the  horn -reflector  antenna,   experiments 
have  been  performed  with  the  electrodynamic  transducer 
mounted  at  the  focus  of  paraboloids.    In  cue  configura- 
tion,  a  searchlight  mirror  1.  5  m  in  diameter  is  used, 
as  shown  in  Fig.   3.    The  searchlight  was  modified  by 
painting  the  mirror  black  (to  avoid  an  accidental  solar 
furnace  effect),   by  mounting  the  mirror  and  transducer 
support  on  rubber  shims  (to  isolate  the  structures  acous- 
tically from  the  searchlight  frame),   by  applying  a  2.  5- 
cm-thick  fiberglass  spacer  and  a  0.  5-mm-sheet  lead- 
septum  damper  to  the  rear  of  the  mirror,   and  by  lining 
the  cylindrical  structure  around  the  mirror  with  con- 
voluted open-cell  polyurethane  plastic  foam. 

The  gain  patterns  for  the  searchlight  acoustic  antenna 
are  shown  in  Fig.  4.    The  best  sidelobe  suppression, 
and  most  narrow  main  lobe,  were  obtained  with  the 
geometrical  focus  of  the  mirror  inside  of  the  exponential 
impedance -matching  horn  attached  to  the  transducer. 
Thus,  the  transducer  aperture  was  6  cm  farther  from 
the  mirror  than  the  proper  geometrical  focus.    The 
position  was  not  highly  critical  with  movement  of  ±2  cm, 
producing  just  detectable  changes  in  the  polar  diagram. 
This  type  of  antenna  was  operated  near  a  noisy  inter- 
state highway  in  downtown  Denver  and  provided  clearly 
defined  acoustic  echoes  of  temperature  inversions  to 
heights  of  700  m. 

A  second  type  of  parabolic  antenna  was  constructed 
using  a  1.  2 -m -diameter  microwave  dish,   shown  in  Fig. 
5.    A  fiberglass -lead  septum  also  serves  to  damp  this 
antenna,  with  a  silicone -rubber -doped  canvas  boot  ex- 
tending around  the  edge  of  the  dish  to  prevent  moisture 


from  entering  the  septum.    Moisture  might  freeze,   re- 
ducing the  effectiveness  of  the  viscously  coupled  damper. 
The  plywood  enclosures,   shown  on  three  sides  of  the 
antenna  in  Fig.   5,    completely  encircle  the  unit  in  opera- 
tion, with  a  lining  of  open-cell  polyurethane,    1.2  m  in 
height,   to  improve  sidelobe  suppression.     The  polar  dia- 
grams for  this  antenna  are  shown  in  Fig.  6.     Two  such 
units  are  in  operation  in  an  acoustic  echo-sounding  sys- 
tem at  the  University  of  Alaska  and  are  providing  good 
results. 

Arrays  of  electrodynamic  loudspeakers  have  also  been 
used  successfully  for  acoustic  echo  sounding.3    We  have 
not  yet  examined  carefully  the  properties  of  such  arrays, 
so  that  comparisons  between  the  performance  of  single 
transducer-reflector  arrangements— discussed  in  this 
paper— and  horn  arrays  cannot  be  made  at  this  time. 

III.    EFFICIENCY  MEASUREMENTS 

Future  acoustic  echo-sounder  design  improvements 
may  lead  to  equipment  able  to  detect  smaller  echoes 
than  those  presently  measured.    Especially  important 
will  be  improvements  in  antenna  characteristics,   rather 
than  changes  in  the  electronic  circuits  which  follow  the 
antenna.    The  improvements  involve:    (1)  An  increase  in 
the  forward  (main  lobe)  gain  of  the  antenna  relative  to 
an  isotropic  receiver;   (2)  Further  suppression  of  an- 
tenna sidelobe  response;  And  (3)  an  increase  in  effi- 
ciency of  the  transducer  coupled  to  the  antenna. 

Making  the  antenna  aperture  ever  larger  is  not  likely 
to  produce  corresponding  dependable  increases  in  an- 
tenna gain  because  of  acoustic  wavefront  distortions 
produced  by  wind  and  temperature  fluctuations  in  the 
atmosphere.     For  any  given  carrier  frequency,   as  an- 
tenna-aperture size  increases,  the  main  beam  width  de- 
creases.   A  half -power  beam  width  of  less  than  about 
4°  or  5°  probably  is  not  desirable,   since  the  strong  re- 
fracting effects  of  temperature  and  wind  gradients  in  the 
atmosphere  may  cause  backscattered  wavefronts  to  re- 
turn at  angles  up  to  several  degrees  off  the  beam  axis. 


FIG.   1.     Conical  horn-reflector-type  antenna  used  for  acoustic 
echo  sounding. 
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FIG.  2.     Polar  diagrams  of  the  gain 
pattern  of  the  conical  horn-reflector 
20*  acoustic  antenna  for  five  different  fre- 

quencies. 


Also,   large -aperture  antennas  are  usually  not  portable, 
and  are  difficult  and  unwieldy  to  steer.     For  the  above 
reasons,   and  because  the  polar  diagrams  of  Figs.   2,   4, 
and  6  indicate  adequately  narrow  beam  widths  at  all  fre- 
quencies above  1  kHz,   it  is  concluded  that  the  present 
antenna-aperture  diameter  of  1.2  m  is  near  optimum 
for  lower  atmospheric  studies  if  the  antenna  is  diffrac- 
tion limited. 

It  may  be  possible  to  achieve  an  effective  increase  in 
overall  antenna -transducer  system  gain  by  improving 
the  efficiency  with  which  received  acoustic  energy  is 
converted  by  the  antenna  transducer  to  an  electrical 
signal.    Figure  7  shows  the  overall  receiving  efficiency 
of  two  antenna -transducer  combinations  when  the  anten- 
na aperture  is  illuminated  by  a  plane  wave  at  an  rms 
acoustic  pressure  of  1  dyne/cm2.    Both  curves  are  for 
the  same  horn-reflector  antenna,   but  the  Altec-Lansing 
291-16A  transducer  achieves  a  flatter  frequency  response 
than  was  obtainable  with  the  University  ID-40  trans- 
ducer.   Note  that  the  ID-40  curve  of  Fig.  7  shows  an 
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FIG.   3.     Modified  1.5-m  searchlight  acoustic  antenna. 
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70* 


90*      FIG.  4.     Polar  diagrams  of  the  gain  pat- 
tern of  the  1.  5-m  searchlight  acoustic 


antenna. 


efficiency  peak  of  about  30%  at  a  frequency  of  slightly 
less  than  2  kHz.    The  less  spectrally  dependent  receiving 
efficiency  of  the  291-16A  transducer  coupled  to  the  horn- 
reflector  antenna  is  only  about  10%  at  frequencies  up  to 
3  kHz  and  declines  with  slight  irregularities  to  about 
1%  at  5  kHz.    It  should  be  possible  to  increase  the  ef- 
ficiency to  about  50%  at  2  kHz  by  carefully  matching  the 
throat  impedance  of  the  antenna  to  the  acoustic -input 
impedance  of  the  transducer  and  by  further  damping  and 
stiffening  of  the  antenna  surfaces. 

Figure  8  shows  the  overall  transmitting  efficiency  of 
the  horn-reflector  antenna -transducer  system  when  1  W 
rms  of  electrical  power  is  applied  to  the  291-16A  trans- 
ducer.   Efficiencies  at  this  power  level  are,   in  general, 
above  50%  at  frequencies  from  1  to  2  kHz,    10%  from  2  to 
3.  5  kHz,   and  roughly  3%  at  higher  frequencies  up  to  6 
kHz.    These  efficiencies,   especially  at  the  lower  fre- 
quencies,  are  deemed  to  be  satisfactory.    Transmitting 
efficiencies,   at  any  rate,   are  almost  certain  to  improve 
automatically  as  the  previously  discussed  improvements 
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FIG.   5.     Modified  1.2-m  microwave  dish  antenna,  showing 
transducer  and  impedance  matching  horn  at  the  focus,  and  with 
a  partial  absorbing  cuff  in  place. 
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I0«  20 


FIG.  6.     Polar  diagram  of  the  gain  pat- 
I0«  20'  tern  of  the  1.2-m  microwave  dish. 


in  receiving  efficiency  are  achieved. 

The  reason  for  the  increased  transmitting  efficiency, 
as  compared  to  receiving  efficiency  at  frequencies  be- 
low 2  kHz  for  the  291-16A  transducer,   is  not  under- 
stood.   It  is  believed  that  the  absolute  accuracy  of  the 
measurements,  averaging  several  spectral  runs  together, 
is  within  3  dB.    Possibly,  a  slight  friction  in  the  voice - 


coil  suspension  could  account  for  the  apparent  non- 
reciprocity  between  receiving  and  transmitting. 

Further  suppression  of  antenna  sidelobe  response  ap- 
pears to  offer  the  most  promise  for  increasing  the  ratio 
of  echo  signal  to  ambient  noise  when  receiving,  and  for 
minimizing  sidelobe  radiation  noise -pollution  levels 
when  transmitting.    It  is  obvious  from  the  polar  dia- 
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FIG.  7.    Receiving  efficiency  of  two  transducers  with  the  coni- 
cal horn-reflector  antenna. 


FIG.  8.    Transmitting  efficiency  of  the  291 -16A  transducer  with 
the  conical  horn-reflector  antenna. 
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grams  of  Fig.  2  that  sidelobes  at  angles  of  70°  to  90 
from  the  main  beam  become  progressively  smaller  as 
the  echo  carrier  frequency  is  increased.    It  is  thus 
advantageous  to  use  as  high  a  carrier  frequency  as  pos- 
sible consistent  with  recognizing  that  absorption  and 
scattering  attenuation  losses  increase  with  frequency. 

IV.    CONCLUSIONS 

It  is  possible  to  fabricate  relatively  efficient  highly 
directional  acoustic  antennas  by  using  structures  orig- 
inally intended  for  microwave  or  optical  use,   if  proper 
attention  is  given  to  vibration  damping,   proper  trans- 
ducer to  reflector  impedance  matching,   and  sidelobe 
suppression  absorbing  cuffs.    Careful  measurement  of 
the  beam  shape  of  the  antenna  allows  calculating  the  an- 
tenna gain  factor.    This  factor  enters  into  the  meteoro- 
logical acoustic  sounding  equation,  permitting  quantita- 
tive determination  of  the  returned  acoustic  power  scat- 
tered from  atmospheric  structure. 
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SENSITIVE  MICROBAROGRAPHS  USED  TO  STUDY  ATMOSPHERIC  GRAVITY  WAVES 


William  H.  Hooke 


Wave  Propagation  Laboratory 

NOAA  Environmental  Research  Laboratories 

Boulder,  Colorado 


The  Geoacoustics  Research  Program  Area  of 
N'OAA's  Wave  Propagation  Laboratory  is  responsible 
for  the  development  of  pressure-measurement  tech- 
niques and  their  application  to  the  study  of  se- 
vere weather,  atmospheric  gravity  waves  and  infra- 
sound, and  turbulence.   The  basic  instrument  we 
have  developed  for  our  experimental  studies  is  a 
variable-capacitance  type  of  differential  pressure 
sensor,  which  we  normally  use  in  conjunction  with 
an  acoustic  high-pass  filter  to  detect  and  measure 
atmospheric  pressure  changes  in  the  period  range 
from  1  second  to  greater  than  1000  seconds,  but 
which  we  have  modified  in  certain  applications  to 
measure  pressure  fluctuations  at  periods  as  short 
as  0.25  seconds  or  as  long  as  several  hours.   The 
system  noise  level  at  short  periods  is  as  low  as 
0.001  microbar,  providing  a  sensitivity  some  105 
times  greater  than  standard  drum  recording  micro- 
barographs  (which  might  more  properly  be  termed 
mi llibarographs) .   Most  recently,  we  have  incor- 
porated a  variable  reluctance  type  of  pressure 
transducer  in  this  system,  improving  system  lin- 
earity and  simplifying  its  design;   in  addition, 
we  have  incorporated  design  advances  such  as  a 
temperature-independent  acoustic  resistor.   Al- 
though the  basic  instrument  has  been  in  use  for 
some  25  years,  few  details  of  its  construction  and 
operation  have  appeared  in  the  open  literature. 
The  interested  reader  is  referred  to  Cordero  et 
al.     (1957),  Cook  and  Bedard  (1971),  Georges  and 
Young  (1972),  and  Bedard  (1973,  1975a)  for  dis- 
cussion of  some  aspects  of  the  instrument  and  its 
operation  as  well  as  further  references.   Testing 
and  calibrating  these  instruments  requires  spe- 
cial procedures.   We  maintain  an  extensive  facil- 
ity for  this  work,  utilizing  both  static  and  dy- 
namic techniques,  as  well  as  field  pressure  cali- 
bration devices.   One  version  of  the  instrument 
and  probe  together  with  some  of  its  associated 
electronics  and  a  field  calibration  unit  is  shown 
in  Figure  1 . 

In  this  paper,  we  review  briefly  our  appli- 
cation of  this  instrument,  used  either  singly,  in 
arrays,  or  in  conjunction  with  other  meteorolog- 
ical sensors  (including  various  remote-sensing 
techniques)  to  study  atmospheric  gravity  waves 
and  to  use  atmospheric  gravity  waves  as  tools  to 
probe  the  atmosphere.   We  conclude  with  a  short 
mention  of  the  microbarograph' s  potential  useful- 
ness for  other  meteorological  applications,  in- 
cluding studies  of  turbulence,  thermal  plumes, 
and  other  boundary- layer  and  mesoscale  phenomena. 

Used  by  itself,  a  single  microbarograph  pro- 
vides information  on  the  frequency  spectra  of 
pressure  fluctuations  at  the  instrument  location, 
but  gives  little  information  on  the  physical  na- 
ture of  the  atmospheric  motions  which  give  rise 
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Figure   1.      Photograph  of  the  microbarograph  and 
associated  electronics ,   pressure-sensing  probe,  and 
calibrator  used  in  conjunction  with  a  sonic  ane- 
mometer to  measure   turbulent  pressure-velocity  cor- 
relations in  the  atmospheric  boundary   layer.      The 
microbarograph  and  probe  were  mounted  on  a  1500  ft. 
tower. 

to  the  pressure  spectra.      Specifically,   the   data 
from  a  single   microbarograph   do  not   differentiate 
unambiguously  between   pressure    fluctuations   aris- 
ing  from  wavelike   motions,    coherent   over  distances 
of  several  wavelengths,   propagating  with  well- 
defined  phase   and  group  speeds,    and  interacting 
only  weakly  with   the   medium  through   which   they 
propagate,    and   turbulent   motions,    interacting 
strongly  with   the   medium   and  exhibiting  minimal 
coherence  over  distances   comparable  to  their  own 
length   scale.      Some    informajion   is  provided  by   any 
peakedness   of  the   observed  pressure  spectra,   since 
sharp  peaks   suggest  motions   of  a  wave  type,  but 
this    information   is   only  qualitative;    certainly 
the  absence  of  any  peaks   in  the  spectra  does  not 
rule  out   the  possibility  that   a  broad  spectrum  of 
weakly   interacting  waves    is   present.      Data   from  a 
single   instrument   do  not   provide  properties   of 
fundamental   interest   such   as  wave  phase  and  group 
speeds,   wavenumber  spectra,    or  wave   dispersion. 

Used  in  arrays   of  three  or  more    (microbaro- 
graphs   spaced   at   distances   the   order  of   100  m  to 
100  km,    depending  upon  the    application),    the   mi- 
crobarographs    can  provide   this    additional   infor- 
mation.     By  analyzing  the   cross-correlation  between 
pressure   fluctuations   at  pairs   of  microbarographs 
and  the  time  difference   required  to  maximize  this 
cross-correlation,   we   can   distinguish  waves  having 
wavelengths   the  order  of  the   array  size  or  greater 
from  turbulent  motions   on  similar  scales,   since 
turbulence    is    found  to  be   poorly   correlated  over 
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the   array.      By   analyzing  the    correlated  part    of 
the  pressure   fluctuations  we  can  extract  wavenum- 
ber  spectra  as  well   as  horizontal  wave  phase 
speeds   and   azimuths   of  propagation   as    functions  of 
frequency,    thus   giving  the  wave   dispersion   and 
simultaneously  providing   clues   concerning  the  na- 
ture  of  the  wave   sources    and   the   propagation  me- 
dium.     Young   and  Hoyle    (1975)   have   developed   com- 
puter  software   for  this   purpose,   making  the   dig- 
ital   analysis   of  array   data   routine.      We   have 
used  both   digital    and   analog  array-processing 
techniques    in   a  number  of  studies   of   acoustic- 
gravity  wave  propagation   in   the   atmosphere,    in- 
cluding  recent   analyses   of  the   infrasound   gener- 
ated by   thunderstorms    (Georges    and  Young,    1972; 
Georges,    1973),    infrasound   generated  by   the   air- 
flow  over  mountains    (Bedard,    1975b),    infrasound 
generated  by   impulsive   sources    such   as   explosions 
(Young,    1975) ,    gravity  waves    generated  by   shear 
instability   in   the  tropospheric   airflow    (Keliher, 
1975;   Hooke  et  al.,    1975),    and   gravity  waves   ex- 
cited by   thunderstorms    (Kjelaas   et  al. ,    1975a). 

Whether  used   singly   or   in   arrays,    these  mi- 
crobarographs    are   useful    adjuncts   to  other  mete- 
orological   instruments,    including   remote   sensing 
systems    such   as    FM-CW  radars,    acoustic   echo 
sounders,    and  high  power  clear-air  radars.      The 
simplest    application   of  this   type   is   the   combined 
use   of  a  single   microbarograph   with    a  single    ane- 
mometer.     Together  these   two   instruments   can  be 
used  to  measure  wave  phase   speeds    and  direction   of 
propagation  through   the   use   of  the   so-called  wave 
impedance   relation.      This   equation    follows   di- 
rectly   from  the  horizontal   equation   of  motion 
stating   that    the   wave  phase   speed     fi/k     relative 
to   the  background   medium  is    given  by    (Gossard   and 
Munk,    1954) 


I     ^£ 
p     Au 
o 


(1) 


where     ft      is    the  wave   intrinsic    frequency,   meas- 
ured by  an  observer  moving  with  the  mean  wind  at 
the  height    of  the   observation,      k      is   the  hori- 
zontal  wavenumber,      p0     is    the   unperturbed   atmos- 
pheric  density,      Ap      is   the  wave-associated  pres- 
sure perturbation,    and     Au      is   the  wave-associated 
velocity   perturbation.      As   explained  by  Gossard 
nnd   Munk,    the   vector  sense   of  the   velocity  per- 
turbations   relative   to   the  maximum   algebraic 
pressure   perturbation  yields   the    azimuth   of  wave 
propagation,    and   adding   the  mean  wind   in   the   di- 
rection  of  wave   propagation  to  both   sides   of 
equation    (1)    yields   the  wave  phase   speed   relative 
to  an  observer   fixed  with   respect    to   the   ground. 
IvT-ii  le   the  wave    impedance   relation  has   been   found 
to  be   a  useful    means    for  determining  wave   phase 
speeds    and  propagation   directions    (see,    e.g., 
Gossard   and   Munk,    1954;    Gossard,    1962;    Gossard 
et  al.,    1970;    Hooke  et  al.  ,    1973;    Gossard   and 
Sweezy,    1974),    it   has  been   subject    to  direct    ver- 
ification  in   relatively    few   instances    (see,    e.g., 
Hooke  et  al. ,    1972;    Kjelaas   et  al. ,    1975a, b); 
more  extensive   comparisons   between  wave   param- 
eters  deduced  by   this   means    and  by  the   direct 
analysis    of  array   data   are   urgently  needed.      Often 
a  scale   analysis   of  the  Navier-Stokes   equations 
shows   that    for  mesoscale   motions    (spatial    scales 
X      such   that    1   km  <   X   <    103   km  and  periods   T   such 
that    3xl02    sec   <   T   <    3xl03    sec)      the   approxima- 
tions   implicit    in   equation    (1)    (neglect    of 
Coriolis,   viscous,    and  nonlinear  terms)    are   valid, 
but   a  priori   in   any   specific   case   there  must    al- 
ways   remain   cause    for  doubt.      In   any   event,   use 


of  the   impedance   relation   and   data   from   instru- 
ments   located   at    a  single  point   provide   no  direct, 
definitive   information   on  wave   coherence,   etc.,    so 
that   application   of  the   technique  has   been    limited 
to   those   special   "events"   demonstrating  sharp 
spectral   peaks.      In   practice    the   use   of  the    im- 
pedance   relationship   is    often   made   more   difficult 
by   the  presence   of  high  wavefrequency-wavenumber 
noise   in   the  wind  data.      Recently  we  have   been 
able   to  improve   on   this   situation   somewhat   by 
using  as   our   anemometer  the    laser  transverse-wind 
sensor  described  by    Lawrence  et  al.    (1972);      this 
approach   provides   valuable   spatial    filtering,    as 
discussed  by   Kjelaas   et  al.    (1974). 

In  more   sophisticated   applications   microbaro- 
graphs   may  be   used   in   arrays   to  supplement    data 
gathered   from  other  meteorological   sensors.    Acous- 
tic echo   sounders   provide   an   excellent    case   in 
point.      A  typical   output    of  such   sounders    is    a 
facsimile   record  showing  the    acoustic  echo   inten- 
sity  as    a   function   of  height    and   time   over  the 
sounder    location.      By   itself,    such    a   record   pro- 
vides  only   acoustic  backscatter  echo   intensity 
(which   may   be    related   to  the   structure   constant    of 
thermal    inhomogeneity   in   the   atmosphere)    plus   dis- 
placement  spectra   revealed  by   undulations   of 
strata  of  strong  echo   returns    (Figure   2).      Addi- 
tion  of  data   from  arrays   of  microbarographs    sup- 
plement  the    facsimile    record   as   shown   in   Figure   2 
by  providing  the  wave  parameters   of  interest    (e.g., 
the   dominant   wavelengths    and  periods    as    indicated 
by    the   table).      These    results,    together  with   the 
results    from  similar   cases    are   discussed   in   more 
detail  by   Beran  et  al.    (1972)    as   well    as   by  Hooke 
et  al.    (1972).      Similar  supplementary   data   are 
also  extremely   useful    in   conjunction  with   the   out- 
put   from   FM-CW   radars,   which    as   typically    used, 
takes   the    form  of  height-time   information   over  the 
sounder    location. 

Microbarograph    arrays   have  been   used   in   this 
manner   to  detect  wave   motions    as  high    as   ten   kil- 
ometers   in   the    atmosphere,    provided   only   that   the 
wave    amplitudes    and  wavelengths    are   sufficiently 
large.      Thus   Hooke    and   Hardy    (1975)    show   that    a 
microbarograph   array   in  Washington,    D.    C.    was    able 
to  detect    a   gravity-wave   system  generated  by   shear 
instability   in   a    layer  between   8   and  9   km   above 
the   earth's   surface    and   detected   at   that   height  by 
a   clear-air   radar   at   Wallops    Island    (Figure    3). 
Statistical    studies    (e.g.,    Flauraud  et  al. ,    1954; 
Claerbout,    1967;    Claerbout    and  Madden,    1968;    Mad- 
den   and   Claerbout,    1968;   Herron   and  Tolstoy,    1969; 
Herron  et  al.,    1969;    Keliher,    1975)    have   indicated 
that    a  substantial    fraction   of  the  mesoscale   grav- 
ity waves    detected   at   the   earth's    surface    at   tem- 
perate   latitudes    in  wintertime   are   generated  by 
shear   instability    in   the   tropospheric   airflow, 
suggesting  that   this   technique   may  be   suitable    for 
detection   of   clear-air  turbulence    (CAT). 

Thus    far  we  have    focused   our   attention   on   the 
use   of  microbarographs    to  determine   "kinematic" 
wave   parameters    such    as    frequency,   wavelength, 
phase   velocity,    and   the    like.      However,    the   instru- 
ments  may   also  be   used   to  measure   "dynamic"  param- 
eters   as  well,    including   specifically  wave   ampli- 
tude  and  energy   flux,    the    latter  being  given  by 
the  pressure-velocity   correlation     ApAu      (where 
the   superbar   indicates    an    average   over  the  wave 
period).      Hooke  et  al.    (1973)    used  the   instrument 
in  this    application   in   conjunction  with   a  bivane 
anemometer  to  verify   that    shear   instability  was 
the   source   mechanism   for   a   gravity-wave   observed 
in   the   planetary  boundary    layer   at   llaswell, 
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Figure   S.      Atmospheric  gravity  waves  revealed  by  the  acoustic  echo  sounder  as 
undulations  in  the  strata  of  strong  echo  returns  in  the  stable  planetary  boundary 
layer.      The  white   line  superimposed  on  the  facsimile  record  is   the  pressure   trace 
from  a  nearby  microbarograph.      The  mi crobaro graph  was  part  'of  a  four-element  array; 
the  four  pressure   traces,   superimposed  and  time  shifted  to  provide  maximum  cross- 
correlation,   are  also  shown.      The  wave  parameters   thus  deduced  are  indicated  in 
the   table. 


Colorado   in  November   1971  ,   measuring  an   energy 
flux  the  order  of  105  ergs   cm"-   sec"1   directed 
away   from  the  shear  zone   in  this   case.      Further 
measurements   of  pressure-velocity   correlations 
during  wave   events  were   made   in   a   subsequent   Mas- 
well   experiment   in  the  spring  of  1974,  but   these 
data  are  only  just  now  being  analyzed.      Thus   it 
does   appear  that  with  proper  probe  design  to  min- 
imize  contamination   of  pressure  data  by  Bernoulli 
pressures  p0u2     occurring  in  the   flow,   that  the 
pressure-velocity  correlation   can  be   accurately 
measured  in  the  planetary  boundary   layer   (as   it 
has   been   measured   in   the   surface  boundary    layer 
by   Elliott,    1972a, b). 

Up  to  this  point,  we  have  concentrated  on 
the  use  of  microbarographs   to  study  atmospheric 
gravity  waves.      We  now  turn  to  use  of  the  observed 
waves   to  study   atmospheric  temperature   and  wind 
structure.      Kjelaas  et  at.    (1975b)    have   recently 
demonstrated  that  wave  observations   combining 
acoustic-echo  sounder   and  microbarograph  data  can 
be   used   to   determine  prevailing  wind   components 
in  the  direction  of  wave  propagation.      In   addi- 
tion,   it   appears  possible,    at    least   in  principle, 
to  deduce   atmospheric  temperature  structure  in 
the  daytime  troposphere  under  situations    likely 
to  favor  severe  convective  storm  development  by 
proceeding  as   follows.      One  might   idealize  the 
temperature  structure  prevailing  at   such  times  by 
a  three- layer  model   in  which  the  temperature 
height  profile  of  the  bottom  layer   (the   convec- 
tive boundary   layer)    is   adiabatic,   of  height     H, 
and  surmounted  by  an  inversion   layer  of  zero 
thickness   characterized  by  a  discontinuity  in  po- 
tential  temperature  which  we  express   as   A(HnO). 
If  the   Brunt-Vaisala  frequency  of  the   air  above 
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is  given  by  N,  the  wave  dispersion  equation  is 
given  by  (Gossard,  1960,  1962) 


(M 


i(4n0) 


k    coth(kH)    +   k[l-N2/(l)2]! 


(2) 


where      g     is   the   acceleration   of  gravity   and     oj 
is   the  wave  frequency  measured  by   an   observer   fixed 
with    respect    to  the   ground    (here     to  =  U,    since  we 
assume   that   the  winds   are    zero)  .      By   measuring 
co/k      at    several    frequencies     io,    it    is   possible   in 
principle   to   solve    tor     A(HnO) ,      H,      and     N.      How- 
ever,   the   effects    of  winds    and  wind   shear   remain 
unknown.      It    should  be    clear  that   the   above   ex- 
amples   are   merely   specific   illustrations    of  the 
more   general    inversion  procedure   that    could  be 
applied   to   gravity  wave   spectra. 

Finally,    it    should  be  noted   that   the   instru- 
ment   is    also   suitable    for  the   study   of  a  wide 
range   of  natural    and   artificial   meteorological 
phenomena.      These   include   measurements   of  pressure 
velocity   correlations    arising    from  turbulence    and 
contributing   through   their  divergence   to  turbulent 
kinetic   energy   budgets,    studies    of  updraft   motions 
such    as    thermal   plumes    and     thunderstorm  updrafts 
(such    studies    are   either  underway   or   contemplated 
in   cooperation  with   other  groups),   CAT   detection, 
and  monitoring   of   aircraft   wake   vortices. 
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Prepulse  Enhancement  of  Flashlamp  Pumped  Dye  Laser 


Michael  H.  Ornstem  and  Vernon  E.  Derr 


A  simple  technique  has  been  developed  that  increases  the  power  output  of  a  conventional  flashlamp 
pumped  dye  laser  by  typically  one  order  of  magnitude  and,  for  some  dyes,  much  more.  This  is  achieved 
by  igniting  a  low-energy  prepulse  discharge  through  the  flashlamp  just  prior  to  firing  the  main  flashlamp 
discharge. 


I.  Introduction 

The  tuneable  dye  laser1  has  emerged  as  one  of  the 
most  versatile  laser  systems  tor  spectroscopic  re- 
search both  in  the  laboratory  and  in  the  field.  Re- 
cently Cohen,  Derr,  McNice,  and  Cupp  have  used  a 
dye  laser  to  measure  Mie  scattering  intensities  from 
monodispersed  particles  as  a  function  of  wavelength 
with  application  to  lidar  determination  of  aerosol 
size  distributions  in  the  atmosphere.2  In  a  novel  ap- 
plication, Hongsuk  H.  Kim  has  used  an  airborne  dye 
laser  for  mapping  phytoplankton  distributions  across 
Lake  Ontario  by  detecting  laser  induced  fluorescence 
in  chlorophyll  —a.3 

Although  organic  dyes  can  be  made  to  lase  with 
relative  ease  by  laser  pumping  with  pulsed  lasers 
(e.g.,  ruby  or  nitrogen  lasers)4  and  recently  even  on  a 
continuous  basis  for  the  most  efficient  dyes  using  an 
argon-ion  laser  as  pump,56  the  greater  simplicity, 
higher  average  power  output,  and  wider  wavelength 
range  obtained  by  flashlamp  pumping  of  the  dye 
have  stimulated  much  effort  to  develop  high  repeti- 
tion rate,  high  power  flashlamp  pumped  systems. 
This  paper  describes  a  simple  method  for  substan- 
tially increasing  the  power  output  of  a  conventional 
flashlamp  pumped  dye  laser.  As  a  secondary  effect, 
lower  power  input  to  the  flashlamp  is  possible  with- 
out reducing  laser  power,  thus  lengthening  flashlamp 
lifetime. 

II.  Theoretical  Considerations 

It  is  well  known1-7  that  intersystem  transitions 
from  lasing  singlet  states  to  metastable  triplet  states 
reduce  the  power  output  from  most  organic  dye  la- 
sers by  depleting  the  population  of  the  upper  level  of 
the  laser  transition  and  also  by  permitting  triplet 
state  absorption  at  the  laser  wavelength.     For  this 
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reason  the  design  of  flashlamp  driving  circuits  for 
such  lasers  must  feature  low  inductance  and  fast  rise 
time  characteristics  so  laser  action  can  occur  on  an 
equal  or  faster  time  scale  than  intersystem  transi- 
tions. Flashlamp  rise  times  on  the  order  of  1  /isec  or 
less  are  typically  required.  To  achieve  these  fast  rise 
times  the  inductance  of  all  circuit  parameters  must 
be  taken  into  account  and  minimized,  including  the 
inductance  of  the  flashlamp  plasma  itself.  In  any 
well-designed  discharge  circuit  the  inductance  of  the 
flashlamp  is  in  fact  a  primary  contributor  to  circuit 
inductance  and  places  a  lower  limit  on  rise  time  of 
the  discharge. 

The  analysis  of  a  flashlamp  discharge  circuit  is  of 
course  complicated  by  the  fact  that  during  the  dis- 
charge the  flashlamp  is  a  highly  nonlinear  circuit  el- 
ement. Consider  a  single  mesh  flashlamp  discharge 
circuit  whose  equivalent  circuit  can  be  expressed  as 
a  simple  series  connection  of  a  charged  capacitor  C, 
an  inductance  L,  a  resistive  loss  in  the  flashlamp, 
and  a  switch  to  complete  the  circuit.  If  the  flash- 
lamp  were  a  linear  resistor  R,  the  discharge  would  be 
described  by  the  equation 


Udl/dt)  +  RI  +  1/C  J   I  dt  =  V. 


(1) 


and  the  rise  time  for  a  low  inductance  circuit  would 
be  approximately  t  =  L/R.  In  an  actual  flashlamp 
the  situation  is  more  complicated.  Experiments  by 
Goncz8  have  shown  that  in  the  high  current  regime 
(20-17,000  A)  the  volt-ampere  characteristic  of  the 
lamp  is  well  represented  by  the  expression 


Vj;,m„  =  0/"*. 


(2) 


where  f5  -  1.13  d/A1  2  (d  -  arc  length  and  A  =  cross 
section  area  of  the  flashlamp).  Further  it  has  been 
demonstrated910  that  during  the  initiation  of  the 
flash,  the  discharge  does  not  fill  the  cross  section  of 
the  lamp  uniformly  from  the  start.  Instead  a  very 
thin  streamer  is  initiated  .between  electrodes,  which 
then  proceeds  to  grow  in  diameter  to  eventually  fill 
the  entire   lamp  cross  section.     During  this  initial 
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Fig.  1.     Flashlamp  firing  circuit. 


growth,  the  inductance  of  the  plasma  is  much  larger 
than  its  quasi-steady  state  value  when  the  discharge 
fills  the  entire  cross  section.  During  this  growth  pe- 
riod, which  takes  typically  several  microseconds,  the 
discharge  is  more  accurately  described  by 


(- 


)♦ 


&„/' 


\s: 


I  dt  =  V. 


(3) 


where  Eq.  (2)  has  been  used  as  the  resistive  charac- 
teristics of  the  lamp  and  where 


0.n  =  0  +  [(dL)/(dt)]I"\ 


(4) 


The  second  term  in  Eq.  (4)  takes  into  account  the 
changing  inductance  of  the  lamp.  Computer  solu- 
tions to  the  above  equations  have  been  obtained  by 
Markiewicz  and  Emmett11  for  the  special  case  of  L 
=  constant.  Their  solutions  indicate  the  same  qual- 
itative features  that  one  would  deduce  from  the  sim- 
pler Eq.  (1).  Fast  rise  time  depends  on  small  L  and 
large /^i  i • 

Referring  to  Eq.  (4)  above,  we  note  that  during  the 
initial  growth  of  the  plasma  streamer  deii  is  small 
since  dL/dt  is  a  negative  number  during  this  period. 
Also  L  is  large  during  this  initial  period.  Both  of 
these  factors  tend  to  increase  the  rise  time  of  the 
flash.  With  the  above  analysis  in  mind,  we  decided 
to  try  to  decrease  the  rise  time  of  uie  flashlamp  by 
eliminating  (or  at  least  by  decreasing)  the  initial 
growth  period  of  the  discharge.  This  was  accom- 
plished by  initiating  a  low-energy  discharge  (prep- 
ulse)  of  about  2  j/see  decay  constant  in  the  flashlamp 
just  prior  to  firing  the  main  high-energy  discharge 
through  the  lamp.  The  prepulse  discharge  does  not 
have  sufficient  light  output  to  significantly  alter  the 
populations  of  the  energy  levels  of  the  dye,  yet  the 
prepulse  should  significantly  reduce,  if  not  eliminate. 


the  growth  period  for  the  plasma  to  fill  the  cross  sec- 
tion of  the  lamp  when  the  main  discharge  is  fired. 

III.     Electronics 

Figure  1  shows  a  schematic  diagram  of  the  flash- 
lamp  firing  circuit.  The  flashlamp  used  in  this  ex- 
periment was  a  Xenon  Corporation  N-701  xenon- 
filled  linear  lamp  (10-cm  arc  length,  3-mm  inner  di- 
ameter). The  lamp  was  cooled  by  circulating  deion- 
ized  water  through  a  quartz  jacket  surrounding  the 
tube.  The  cooling  water  was  maintained  at  9°C  in 
an  external  refrigerated  reservoir.  The  prepulse  cir- 
cuit consisted  of  a  O.Ol-^F,  25-kV  capacitor  (Capaci- 
tor Specialists,  Inc.  r25Wl26TN)  in  series  with  an 
EG  &  G  spark  gap  and  a  100-ft  pulse  shaping  resis- 
tor. When  the  spark  gap  is  triggered,  the  0.01  ^F 
capacitor  charged  to  the  high-voltage  supply  poten- 
tial is  momentarily  switched  in  parallel  across  the 
flashlamp.  The  main  discharge  circuit,  connected  in 
parallel  with  the  prepulse  circuit,  consisted  of  a 
coaxial  0.2  ^F  capacitor  (Tobe  Deutschman  Labora- 
tories, special  order,  L  =  10  nh)  in  series  with  an  EG 
&  G  thyratron.  The  thyratron  switch  was  chosen  for 
the  original  design  of  the  laser  due  to  its  generally 
greater  reliability  over  a  spark  gap.  The  spark  gap 
was  used  in  the  prepulse  circuit  because  of  its  sim- 
plicity of  installation  and  its  availability.  No  ad- 
verse affects  have  as  yet  been  encountered  with  the 
spark  gap  after  several  hundred  thousand  shots,  but 
some  precautions  are  required  in  connecting  it  in  the 
circuit.  The  configuration  indicated  in  Fig.  1  was 
found  most  successful.  If  the  principal  electrodes  of 
the  gap  are  reversed  from  that  shown,  or  if  the  sec- 
ondary of  the  trigger  transformer  is  not  floated,  dis- 
charge current  will  be  drawn  through  the  trigger 
transformer.  The  trigger  polarity  indicated  is  rec- 
ommended by  the  manufacturer.  The  high-voltage 
power  supply  is  isolated  from  the  discharge  circuits 
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Fig.   2.     (a)   Flashlamp  output   (prepulse  (inly),     (b)   Flashlamp 

output  (main  discharge  during  prepulse).     Delay  between  pulses 

varied  from      2^secto      14/jsec. 

Horizontal  scale  =  2  ^/sec/cm  (all  traces). 


during  the  pulse  by  wire  wound  power  resistors  in 
the  charging  circuit.  The  precise  values  of  these  re- 
sistors are  not  critical  as  they  are  used  more  tor  their 
inductance  than  their  resistance.  The  50-k'J  power 
resistor  was  used  to  prevent  discharge  of  the  main- 
pulse  capacitor  (0.2  /uF)  through  the  spark  gap  dur- 
ing the  prepulse.  A  variable  time  delay  was  incor- 
porated in  the  trigger  circuits  to  allow  triggering  of 
the  main  discharge  anywhere  from  2  /^sec  to  14 
fisec  after  firing  the  prepulse.  As  will  be  shown  in 
Section  IV,  an  optimum  delay  time  between  prepulse 
and  main  pulse  was  found  that  gave  maximum  en- 
hancement to  the  laser  output . 

A  bothersome  problem  was  encountered  with  the 
above  circuit  when  it  was  first  constructed  in  that 
feed-through  from  the  prepulse  discharge  was  capac- 
itively  coupled  from  the  plate  of  the  thyratron  to  its 
trigger  grid,  causing  the  thyratron  sometimes  to  fire 
on  the  prepulse  instead  of  on  the  delayed  trigger. 
This  problem  was  corrected  by  a  —350V  dc  bias  on 
the  grid  of  the  thyratron.  which  was  enough  offset  to 
prevent  the  feedback  voltage  from  firing  the  thyra- 
tron. 

One  final  remark  regarding  the  circuit  is  worth 
noting.  Originally  the  negative  side  of  the  high-volt- 
age supply  was  grounded  for  safety.  However,  this 
presented  a  complete  circuit  from  the  positive  termi- 


nal of  the  supply  though  the  spark  gap  to  the  nega- 
tive terminal.  Under  these  conditions  it  was  found 
that  the  spark  gap  would  occasionally  not  turn  off 
after  discharging  to  0.01-^F  capacitor,  but  would 
maintain  a  current  for  as  much  as  a  second.  This 
interferes  with  rapid  firing  of  the  flashlamp  and  may 
have  a  deleterious  effect  on  life  of  the  gap.  An  at- 
tempted solution  to  this  problem  was  to  float  the 
high-voltage  supply.  Even  with  this,  the  above  ef- 
fect was  sometimes  observed.  The  problem  was  fi- 
nally traced  to  the  fact  that  the  water  used  to  cool 
the  flashlamp  created  a  50-kSi  conductive  path 
around  the  flashlamp,  which  was  enough  to  complete 
the  high-voltage  circuit.  To  correct  this,  a  deioniza- 
tion  filter  was  installed  in  a  bypass  loop  for  the  cir- 
culating water.  This  maintained  the  leakage  resis- 
tance of  the  water  at  about  one  Mil,  which  was 
enough  to  prevent  the  sustained  discharge  of  the 
gap.  Some  leakage  resistance  across  the  lamp  is 
beneficial  to  ensure  that  the  high  voltage  will  appear 
across  the  spark  gap  and  thyratron  prior  to  dis- 
charge. 

IV.     Results 

In  Fig.  2  are  shown  some  oscillograms  of  the  flash- 
lamp  output.  This  data  was  obtained  by  detecting 
the  light  output  from  the  flashlamp  by  an  RCA  1P28 
photomultiplier  placed  near  the  lamp.  The  output 
from  the  photomultiplier  went  directly  into  an  FET 
source  follower  preamp  and  then  to  a  Tektronix 
453A  oscilloscope.  The  limiting  bandwidth  of  the 
detection  electronics  was  about  10  MHz.  The  oscil- 
loscope trace  tor  all  pulses  in  Fig.  2  was  triggered  by 
the  initial  5-V  trigger  pulse  shown  in  Fig.  1  and 
hence  was  independent  of  any  delay  in  the  sparkgap 
or  thyratron  firing  circuits.  Fig.  2(a)  shows  a  trace 
of  the  prepulse  flash  alone  (horizontal  scale  =  2 
^sec/cm).  The  prepulse  had  a  duration  of  about  1 
^sec  (FWHM)  with  a  tail  of  -2  /usee  decay  constant 
and  a  peak  current  of  about  100  A  at  10  kV.  Figure 
2(b)  shows  the  flashlamp  output  from  the  main  dis- 
charge fired  during  the  prepulse.  This  oscillogram  is 
a  time  exposure  of  many  shots  as  the  time  delay  be- 
tween the  prepulse  and  the  main  pulse  was  contin- 
uously varied  from  ~2  /usee  to  =14  /usee  delay. 
Neutral  density  filters  were  used  to  attenuate  the 
light  to  keep  from  saturating  the  photomultiplier 
tube. 

An  interesting  feature  of  Fig.  2(b)  is  the  appear- 
ance of  maxima  and  minima  of  light  output  vs  delay 
time.  An  optimum  delay  time  of  about  12  /usee  is 
indicated  for  this  circuit  configuration.  The  precise 
physical  reason  for  this  structure  was  not  investi- 
gated in  detail,  but  we  surmise  that  it  is  probably 
associated  with  an  oscillatory  expansion  and  con- 
traction of  the  plasma  shock  wave  of  the  prepulse 
discharge. 

Figure  3(a)  shows  a  superposition  of  the  flashlamp 
output  from  the  main  discharge  fired  alone  without 
the  prepulse  (smaller  signal)  and  fired  during  the 
prepulse  with  12  ^/sec  delay  (larger  signal).  For  the 
traces  in   Fig.  3,   the  delayed  sweep  feature  of  the 
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Fig.  3.     (a)  Flashlamp  output  from  main  discharge  without  prep- 

ulse  (smaller  signal)  and  with  prepulse  (larger  signal),     (b)  Laser 

output    using   Rhodamine   60   without   prepulse   (smaller  signal) 

and  with  prepulse  (larger  signal). 

Horizontal  scale  =  0.5  psec/   cm  (all  traces). 


453A  oscilloscope  was  used  with  about  10  yusec  delay 
so  the  horizontal  scale  could  be  expanded  to  0.5 
^sec/cm.  The  rise  time  of  the  light  output  (10-90% 
intensity)  decreases  from  about  500  nsec  without  the 
prepulse  to  about  200  nsec  with  the  prepulse.  A  sec- 
ond important  feature  is  the  occurrence  of  over  100% 
increase  in  light  output  from  the  lamp  when  the 
prepulse  is  used.  This  is  presumably  due  to  the  de- 
creased resistance  of  the  plasma  when  the  discharge 
streamer  is  already  expanded  prior  to  firing  the  main 
pulse. 

Both  of  the  above  effects,  decreased  rise  time  of 
the  flashlamp  pulse  and  greater  light  output,  are  in- 
strumental in  increasing  the  power  output  of  the  la- 
ser. Figure  3(b)  shows  superimposed  traces  of  the 
laser  output  form  the  dye  rhodamine  6(1  (5  x  10  4 
M  dissolved  in  H20  +  5%  Ammonyx  LO)  without 
the  prepulse  (smaller  signal)  and  with  the  prepulse 
(larger  signal).  The  high-voltage  supply  to  the 
flashlamp  was  set  at  12  kV  for  these  pulses.  For  this 
voltage  there  is  almost  a  fivefold  enhancement  of 
the  laser  output  from  rhodamine  6(1.  It  was  found 
that  as  the  dye  aged,  the  enhancement  factor  in- 
creased (the  laser  output  with  prepulse  decreases 
more  slowly  with  dye  age  than  the  power  decrease 
without  prepulse).  This  was  generally  true  for  all 
the  dves  tested.     Rhodamine  6(1  was  used  for  the 


comparison  in  Fig.  3(b)  because  the  signals  could 
easily  be  shown  on  the  same  scale.  For  some  of  the 
dyes  tested,  the  enhancement  was  so  large  that  the 
two  signals  could  not  conveniently  be  shown  on  the 
same  scale. 

Rhodamine  6G  is  well  known  to  be  one  of  the  most 
efficient  laser  dyes  available,  and  hence  we  did  not 
expect  a  dramatic  improvement  in  efficiency  for  this 
dye.  The  faster  rise  time  is  probably  not  of  too 
much  significance  for  this  dye,  but  the  greater  effi- 
ciency in  conversion  of  electrical  energy  to  light  out- 
put is  of  significance  even  for  this  dye  and  is  respon- 
sible for  the  increased  power  output  shown  in  Fig. 
3(b). 

To  check  the  improvement  for  some  of  the  less  ef- 
ficient dyes,  we  ran  some  tests  on  two  other  dyes,  es- 
culin  and  l-2-dihydro-4-methoxybenzo  /c/  xanthy- 
lium  fluoroborate,  which  lase  in  the  blue  and  green 
wavelength  ranges,  respectively.  Table  I  lists  the 
ratio  of  laser  power  with  the  prepulse  to  laser  power 
without  the  prepulse  for  the  several  dyes  tested.  As 
noted  above,  the  enhancement  factor  increased  as  the 
dye  aged.  The  minimum  and  maximum  enhance- 
ments for  several  runs  are  listed  in  the  table.  The 
enhancement  was  quite  dramatic  for  the  latter  two 
dyes,  being  consistently  over  a  factor  of  10  and  as 
high  as  a  factor  of  50  for  esculin.  Along  with  the  in- 
creased power  output,  the  wavelength  range  (also  in- 
dicated in  Table  I)  over  which  the  laser  output  could 
be  tuned  by  rotating  the  grating  was  increased  by 
using  the  prepulse. 

The  prepulse  enhancement  of  laser  power  was  ob- 
served to  be  a  function  of  power  supply  voltage,  de- 
creasing gradually  as  power  supply  voltage  was  in- 
creased. This  is  of  course  reasonable  since  at  lower 
voltage,  nearer  laser  threshold,  the  increased  light 
output  and  faster  rise  time  has  a  greater  effect. 
Nevertheless,  even  at  15  kV  the  laser  power  was  in- 
creased by  almost  a  factor  of  7  for  esculin  and  almost 
a  factor  of  2  for  rhodamine  6(1.  However,  at  these 
higher  voltages  flashlamp  life  is  significantly  re- 
duced. One  of  the  significant  advantages  of  using 
the  prepulse  is  that  the  same  laser  power  output  is 
obtained    at    much    lower  driving   voltage   with   the 


Table  I.     Laser  Power  Enhancement  Using  Prepulse 

Enhancemenl 

ratio  Wavelength  range  (A) 

(at  HV  =  (at  HV  =  lo  kV) 

12  kV)  Without  With 

Dye  (min)  (max)      prepulse         prepulse 


Rhodamine  6<  I 

(.->  x  ia->  M,  11..0  + 

.".r;,  am  LO) 
l,2-dihydm-4-methoxy- 

henzo  c  'xanthylium 

fluoroborate 

(1  x  10->M,  H,(>) 
Esculin 

(1  x  10"3  M,  H,0  + 

V,  am  LO) 


..6 


If. 


W71-6154    5860-6210 


mi  1-557S    5021-5633 


4464-4S7 


4433-5051 
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Table  II.     Prepulse  Enhancement  of  Laser  Power  vs  Flashlamp  Voltage 


Hhodamine  6G  (X  =  5940  A) 
(5  X  10"'  M,  H,0  +  o%  am  LO) 
Flashlamp  laser  power  (kW) 

voltage  Without  With 

(kV)  prepulse  prepulse 


Esculin  (X  =  4690  A) 

(1  X  lO"3  M,  H20  +  .",<;,,  am  LO) 

laser  power  (kW) 

Without  With 

prepulse  prepulse 


s.o 

9.0 
10.0 
11.0 
12.0 
13.0 
14.0 
15.0 


0.9 

1 . 25 

2.7.3 

4.9 

6.4 

7.75 

9.5 


1.60 

5.25 

8.9 

12.4 

0.12 

16.3 

0.31 

17.9 

0.S1 

18.1 

1 .  25 

IS.  6 

1 .  50 

2.5 
2.8 
5.6 
7.3 
10.0 


prepulse  than  is  required  without  the  prepulse,  thus 
lengthening  flashlamp  lifetime,  one  of  the  major  ex- 
pense factors  in  the  dye  laser  system.  Another  ad- 
vantage is  that  the  average  power  of  the  laser  can  be 
significantly  increased  since  higher  repetition  rates 
are  possible  before  overheating  the  lamp.  Table  II 
lists  the  laser  power  as  a  function  of  power  supply 
voltage  for  rhodamine  6G  and  for  esculin.  (Laser 
power  was  measured  with  a  Scientech  calorimeter 
power  meter.)  For  both  dyes  more  laser  power  was 
obtained  at  11  kV  with  the  prepulse  than  was  ob- 
tained at  15  kV  without  the  prepulse. 

We  wish  to  express  our  indebtedness  to  G.  T. 
McNice  for  many  enlightening  and  useful  discussions 
regarding  the  design  and  construction  of  the  prepulse 
circuit.  We  also  wish  to  acknowledge  the  assistance 
of  Michael  Maish  in  constructing  and  debugging  the 
timing  circuits. 


This  research  was  conducted  while  M.  H.  Ornstein 
was  holding  an  NRC-NOAA  Resident  Research  As- 
sociateship. 
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NOAA  Technical  Memorandum  ERL  WPL-11 
September  1974 


THE  NOAA  PASSIVE  OPTICAL  CROSSWIND  MONITOR 
G.  R.  Ochs,  G.  F.  Miller,  and  E.  J.  Goldenstein 


We  describe  an  optical  instrument  that  measures  crosswinds  by  observing 
the  scintillation  of  naturally  illuminated  scenes.  Operating  instructions, 
adjustment  procedures,  and  circuit  diagrams  are  included. 
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NOAA  Technical  Report  ERL  298-WPL  31 
May  1974 


DEVELOPMENT  OF  A  PORTABLE  ACOUSTIC  ECHO  SOUNDER 
Edward  J.  Owens 


There  has  been  increasing  interest  in  developing  a  small,  inexpensive 
device  for  monitoring  atmospheric  temperature  fluctuations  by  measuring  the 
backscattered  echoes  of  acoustic  tone  bursts  with  an  acoustic  echo  sounder. 
Much  of  the  theory  and  engineering  design  for  such  a  device  was  developed 
during  construction  of  the  NOAA  MARK  II  Acoustic  Echo  Sounder  (Simmons, 
Wescott,  and  Hall,  1971).  The  MARK  II  system  was  not  portable,  but  rather 
utilized  standard-sized,  laboratory-quality,  commercially  available  elec- 
tronic instruments  for  their  precision  and  flexibility.  This  flexibility 
was  desirable  during  research  stages  where  a  wide  range  of  environmental 
field  conditions  was  encountered.  The  total  estimated  cost  of  equipment 
for  a  single-channel  MARK  II  system  mounted  in  a  5-ft  relay  rack  was  $34,000. 
This  report  describes  a  portable,  lower  cost  acoustic  echo  sounder  recently 
developed  at  NOAA. 
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NOAA  Technical  Memorandum  ERL  WPL-12 
June  1975 


NOAA  MARK  VII  ACOUSTIC  ECHO  SOUNDER 
Edward  J.  Owens 


The  NOAA  Mark  VII  portable  Acoustic  Echo  Sounder  which  consists  of  a 
central  unit,  power  amplifier,  facsimile  recorder,  and  4-ft  parabolic  re- 
flector antenna  and  which  is  used  to  monitor  atmospheric  temperature  struc- 
ture (inversions  and  convective  plumes)  to  a  height  of  1360  m,  by  measuring 
backscattered  echoes  from  acoustic  tone  bursts,  is  described.  The  theory 
and  operation  of  the  system  are  covered  in  detail.  Complete  instructions 
for  initial  set-up,  adjustment  and  calibration,,  startup,  shutdown,  and 
maintenance  are  given.  Appendices  include  wiring  diagrams,  design  and  oper- 
ation of  electronics  subsystems,  modifications  to  system,  parts  lists,  and 
schematic  diagrams  of  circuits. 
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Digital  data  acquisition  for  laser  scattering  spectroscopy 
using  the  scattered-to-incident  light  intensity  ratio 

R.  L.  Schwiesow  and  M.  J.  Post 

Wave  Propagation  Laboratory,   Environmental  Research  Laboratories.   National  Oceanic  and  Atmospheric  Administration, 
Boulder,  Colorado  80302 

(Received  7  September  1973;  and  in  final  form,  25  February  1974) 

We  describe  a  digital  data  acquisition  system  for  laser  scattering  spectroscopy, 
which  measures  the  ratio  of  the  scattered  signal  to  either  the  incident  laser  power 
on  the  sample  cell  or  the  total  signal  incident  at  the  spectrometer  entrance 
aperture.  The  incident  reference  that  is  not  used  to  form  the  ratio  is  used  to 
check  stability  of  the  scattering  sample.  This  report  outlines  the  philosophy  of  the 
technique  and  gives  components  and  circuit  diagrams  for  its  implementation. 
Digital  measurement  of  light  intensity  is  based  on  photon  counting  methods. 


INTRODUCTION 

The  basis  of  scattering  spectroscopy  involves  measuring  the 
ratio  of  scattered  intensity  to  incident  intensity  as  a  function 
of  scattered  wavelength.  The  simplest,  least  satisfactory 
approach  is  to  assume  that  the  incident  intensity  is  constant 
in  time.  The  scattered  signal  is  then  taken  to  represent  the 
scattered-to-incident  ratio.  Topp  and  Schmid'  introduced 
a  significant  improvement  with  a  sophisticated  fast  analog 
dividing  technique  to  compensate  for  incident  intensitv  (or 
"source")  fluctuations.  This  dividing  circuit  was  used  before 
the  signal  was  time  integrated,  since  division  after  smooth- 
ing was  shown  to  degrade  signal-to-noise.  The  analog  tech- 
nique necessitated  converting  an  essentially  digital  signal 
(individual  photons  impinging  on  a  photocathode)  into  an 
analog  one.  In  effect,  this  decreased  the  signal-to-noise  ratio 
by  eliminating  the  accuracy  of  counting,  for  example,  one 
photon  out  of  50  000,  a  resolution  nearly  impossible  to 
attain  in  measuring  current  or  voltage. 

We  have  developed  a  data  acquisition  system  that 
preserves  and  utilizes  the  digital  nature  of  the  photomulti- 
plier  signal  while  simultaneously  compensating  for  both 
source  and  sample  fluctuations.  In  addition,  the  system 
provides  synchronism  between  data  recording  and  spec- 
trometer scanning  and  produces  data  output  in  computer- 
compatible  format. 
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Fig.  1.  Block  diagram  of  digital  data  acquisition  system  based  on 
measurement  of  intensity  ratios.  The  scattered  signal  and  two  reference 
photoreceptors  are  shown  schematically.  PAD  units  are  preamplifier, 
amplifier  and  discriminator  combinations.  The  D/A  units  represent 
digital-to-analog  converters  or  counting  ratemeters. 


The  purpose  of  this  paper  is  to  present  the  concepts  used 
in  the  system  and  to  depict  components  developed  for  their 
implementation. 

SYSTEM  CONCEPT 

A  representation  of  the  overall  data  system  is  shown  in 
Fig.  1.  The  basic  data  are  the  ratios  of  scattered-to-incident 
light  (to  within  an  undetermined  multiplicative  constant 
that  is  characteristic  of  the  system)  as  the  monochromator 
wave  number  is  changed.  The  use  of  an  internal  reference 
standard  allows  determination  of  the  multiplicative  instru- 
ment constant  without  an  absolute  intensity  measurement. 

Scattered  energy  is  measured  digitally  by  the  total  number 
of  photon  counts  registered  in  channel  A  of  the  counter. 
A  preamplifier-amplifier-discriminator  setup  (abbreviated 
PAD  in  Fig.  1)  standardizes  the  photocathode  pulses,  and 
a  D/A  converter  allows  visual  monitoring  of  scattered 
power. 

Incident  energy  is  determined  by  the  total  number  of 
photon  counts  from  the  behind-the-slit  intensity  monitor. 
An  additional  illuminator  monitor  is  positioned  at  the  laser 
output.  This  analog  signal  is  directly  proportional  to  laser 
power.  A  voltage-to-frequency  converter  can  be  used  to 
convert  the  laser  monitor  to  a  digital  signal  which  can  be 
processed  in  the  same  manner  as  the  behind-the-slit  reference 
signal. 

Computation  of  the  ratio  of  scattered  energy  to  incident 
energy  is  done  by  the  ratio  counter,  which  produces  a  binary 
coded  decimal  output  representing  the  ratio  of  photon 
counts  in  channel  A  to  the  number  of  counts  in  channel  B. 
The  counter  determines  a  ratio  by  counting  photons  in  the 
A  channel  until  a  preset  number  of  counts  (for  example  106) 
is  recorded  in  the  B  channel.  The  time  required  to  fill  the 
reference  count  requirement  is  inversely  proportional  to  the 
incident  power  level.  If  we  assume  the  limiting  noise  of  the 
system  is  shot  noise  (Poisson  statistics),  then  a  constant 
uncertainty  in  reference  energy  level  is  assured,  in  spite  of 
possible  wide  variations  in  power.  This  is  because  the  total 
number  of  reference  counts  is  independent  of  the  incident 
power  level.  For  the  same  reason,  the  statistical  noise  level 


413 


Rev.  Sci.  Instrum.,  Vol.  46,  No.  4,  April  1975 


Copyright  ©  1975  by  the  American  Institute  ol  Physics 

539 


413 


414 


R.  L.  Schwiesow  and  M.  J.  Post:  Data  acquisition 
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Fig.  2.  Circuit  diagram  for  the  comparator/inhibi- 
tor module.  The  controlled  switch  serves  to  allow 
or  prevent  data  taking  by  the  ratio  counter. 


in  the  scattering  spectrum  will  be  independent  of  source 
power,  resulting  in  greater  spectral  uniformity. 

Since  the  data  taking  rate  is  not  constant,  but  dependent 
on  illumination  level,  the  monochromator  cannot  be  driven 
independently.  Instead,  when  the  reference  channel  is  full, 
a  pulse  from  the  ratio  counter  initiates  data  recording  (on 
punched  paper  tape)  and  triggers  stepping  the  spectrometer 
by  a  preset  (but  variable)  increment  of  wave  number. 

Digital  data  acquisition  based  on  scattered-to-incident 
energy  ratios  allows  great  freedom  in  the  operation  of  the 
experiment.  Laser  alignment  may  be  peaked  in  the  middle 
of  a  run,  for  example.  Temporary  interruptions  of  the 
illumination  path  do  not  affect  the  spectra. 

Computing  scattering  ratios  compensates  for  source  fluc- 
tuations and  adjustments,  but  it  does  not  correct  for 
changes  in  the  sample  condition,  system  misalignment  or 
optical  path  attenuation  between  scatterer  and  monochrom- 
ator. Particularly  in  fluids,  the  motion  of  unavoidable 
particulates  through  the  focused  laser  beam  causes  scatter- 
ing signal  changes.  If  the  particulate  enters  the  beam  ina 
region  that  is  imaged  on  the  monochromator  entrance  slit, 
an  increase  of  many  orders  of  magnitude  in  laser-frequency 
scattering  will  occur.  This  increase  appears  through  instru- 
mental scattering  as  a  false  increase  in  off-frequency  spectral 
scattering,  although  laser  power  may  be  constant.  If  the 
particulate  intercepts  the  small-diameter  beam  before  the 
region  imaged  into  the  spectrometer,  a  sharp  decrease  in 
effective  source  intensity  will  cause  a  spurious  reduction  in 
scattered  spectral  signal  to  be  recorded. 

To  eliminate  effects  from  such  changes,  the  reference 
signals  from  the  monochromator  entrance  slit,  D/A  con- 
verted, and  the  laser  are  compared  in  an  analog  comparator. 
When  these  initially  balanced  source  signals  are  unbalanced 
by  a  preset  (but  variable)  percentage,  the  comparator 
signals  an  inhibit  logic  circuit  which  opens  the  input  to 
both  channels  A  and  B  of  the  ratio  counter,  thereby  inter- 
rupting data  taking.  When  the  two  reference  levels  are 
again  within  the  balance  limits,  the  data  channels  are  re- 
connected to  the  ratio  counter. 

The  diagram  of  Fig.  1  shows  the  monochromator  reference 
level  as  the  primary  input  to  the  measurement  of  the  in- 
tensity ratio,  with  the  source  monitor  serving  to  monitor 
particulate  scattering  in  the  sample.  For  some  applications, 
such  as  absolute  scattering  cross  section  measurements,  it  is 


possible  to  use  a  voltage-to-frequency  converter  on  the  out- 
put of  the  laser  monitor  and  use  this  signal  as  the  channel  B 
reference  for  determination  of  scattering-to-source  intensity 
ratio. 

In  our  application,  the  digital  spectra  generated  by  the 
system  in  Fig.  1  are  computer  processed  to  yield  Raman 
cross  sections,  depolarization  ratios,  and  integrated  spectral 
areas  above  the  baseline,  corrected  for  instrumental  quan- 
tum efficiencies.  Basic  data  information  includes  the  starting 
and  ending  wave  number  values  and  the  record  of  scattered 
photon  counts  for  each  wave  number  increment  (for  a  fixed 
reference  count  level).  In  practice,  a  reference  sample 
spectrum  is  scanned  before  and  after  the  spectral  line  of 
the  sample  gas. 

SYSTEM  COMPONENTS 

Preamplifier,  Amplifier,  Discriminator  Units 

The  low-noise  preamplifier,  amplifier  and  discriminator 
units  used  on  the  scattered  intensity  channel  are  adapted 
from  commercial  nuclear  spectroscopy  electronics.  While 
highly  linear,  count  rates  are  limited  to  approximately  50 
kHz  or  less.  A  number  of  satisfactory  photon  counting  sys- 
tems are  now  commercially  available.  The  signal  processing 
for  the  behind-the-slit  reference  monitor  is  taken  from  the 
circuits  of  Miller.2 

Digital-to-Analog  Converters 

The  digital-to-analog  converters  are  conventional  RC 
type  linear  ratemeters.  These  units  are  widely  available 
commercially  or  can  be  built  in  the  laboratory. 

Comparator-Inhibitor  Module 

This  comparison  unit  checks  that  the  primary  and  auxil- 
iary source  reference  signals  are  proportional  to  each  other, 
and  permits  both  reference  and  scattered  photon  counts  to 
be,  or  prevents  them  from  being,  registered  on  the  ratio 
counter. 

The  comparator/inhibitor  circuit  is  shown  in  Fig.  2. 
When  operating,  one  first  sets  the  difference  potentiometer 
R2  to  some  desired  value  corresponding  to  the  maximum 
allowable  percentage  differences  between  channels.  Positive 
analog  inputs  on  channels  1  and  2  (which  correspond  to 
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Fig.  3.  Program  circuit  for  the  spectrometer  stepping 
drive.  The  variable  number  of  steps  per  data  incre- 
ment allows  adjustment  for  optimum  data  density. 


Pulse  Generator 


power  levels,  for  instance)  should  be  several  volts.  These 
voltages  are  balanced  by  adjusting  the  oppositely  wired 
dual  potentiometer  R-  to  center  the  — 50-0-50 /iA  balance 
meter.  Next,  the  readings  on  the  two  2  kQ,  ten-turn  poten- 
tiometers are  matched  to  the  reading  on  the  0-10  mA  level 
meter,  where  0  reading  corresponds  to  chassis  ground  and 
10  corresponds  to  a  value  of  2  kfi.  This  insures  that  per- 
centage rather  than  absolute  differences  at  the  analog  inputs 
will  affect  the  operation  of  the  inhibit  circuit. 

After  these  initial  adjustments,  if  either  channel  1  or 
channel  2  changes  signal  level,  a  positive  or  negative  voltage 
will  appear  on  the  output  of  A2,  the  magnitude  of  which  is 
determined  by  the  setting  of  the  "percent  difference"  poten- 
tiometer R2.  If  the  absolute  value  of  this  voltage  is  greater 
than  the  magnitude  of  the  voltage  set  by  the  two  ten-turn 
potentiometers,  either  A3  or  A4  will  switch  from  negative 
saturation  to  positive  saturation.  An  or  gate,  composed  of 
two  nand  gates,  senses  such  a  change  and  goes  positive.  This 
is  the  inhibit  signal  which  opens  the  relays  that  connect  A 
and  B  inputs  and  outputs.  The  light-emitting  diodes  indi- 
cate which  channel  is  high.  Ordinary  incandescent  lights  in 
combination  with  diodes  and  resistors  may  be  substituted 
for  the  light-emitting  diodes. 

The  settings  of  R2  are  calibrated  by  setting  the  poten- 
tiometer to  various  positions  and  observing  what  percentage 
difference  in  level  at  either  channel  is  required  to  produce 


an  inhibit  signal.   The  various  positions   and  values  are 
marked  on  the  chassis. 

Power  requirements  are  ±15V  dc  at  50  mA  and  +5V  dc 
at  100  mA. 

Ratio  Counter 

The  two-channel  counter  is  a  commercial  unit,  which 
serves  as  the  heart  of  the  data  collection  system.  This 
counter  displays  the  ratio  of  A  channel  counts  to  B  channel 
counts.  The  counter  also  triggers  logic  that  controls  both 
the  spectrometer  scan  and  data  recording  operations,  based 
on  the  total  number  of  reference  photon  counts.  When  the 
reference  channel  B  is  filled,  the  spectrometer  is  driven  a 
preset  number  of  steps  while  the  number  of  scattered 
photon  counts  is  punched  on  paper  tape. 

Stepper  Drive 

Figures  3  and  4  are  schematics  of  the  circuit  used  to  drive 
the  three-wire  stepping  motor,  which  scans  the  spectrom- 
eter. The  switching  voltage  sequence  required  for  the  two 
motor  windings  is  comparable  to  two  square  waves  90°  out 
of  phase.  Motor  direction  is  reversed  by  shifting  one  se- 
quence 180°  relative  to  the  other  (switching  leads).  The 
waveforms  are  generated  by  the  flip-flop  configuration  prior 
to  the  final  transistor  power  switches. 


rr,w 

I     ..Zl 

3*50 


Fig.  4.  Power  supply  and  switch  for  the  spec- 
trometer stepping  drive.  This  unit  is  controlled  by 
the  program  circuit  of  Fig.  3. 
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A  negative  5  V  pulse  of  less  than  200  msec  duration  is 
needed  to  trigger  the  9601  one-shot  multivibrator  from 
the  step  signal  input,  or  it  may  be  triggered  by  depressing 
the  manual  step  switch.  If  the  normal-auto  switch  is  in  the 
"normal"  mode,  the  pulse  from  the  one-shot  causes  the  first 
7476  J-K  flip-flop  to  change  states,  which  in  turn  causes 
one  of  the  outputs  to  switch  from  +50  V  to  —50  V,  or 
vice  versa.  If  the  switch  is  in  the  "auto"  position,  the 
one-shot  pulse  clears  the  8280  decade  counters  and  connects 
the  pulse  generator  to  the  flip-flop  thru  Q6.  Each  time  the 
generator  pulses  thereafter  the  outputs  and  the  counters 
increment  by  one.  When  the  counter  output,  selected  by 
the  "steps  per  signal"  switch,  goes  to  logical  1,  the  preset 
number  of  steps  have  occurred,  and  Q5  disconnects  the 
pulse  generator  from  the  flip-flop.  This  stops  the  outputs 
from  changing  states  until  the  next  pulse  from  the  one- 
shot  causes  the  sequence  to  repeat  itself. 

The  20  kli  potentiometer  associated  with  Q7  is  a  trimpot 
used  to  adjust  the  generator  frequency  from  20  to  100  Hz. 
The  28  V  lamps  on  the  output  indicate  the  state  of  the 
outputs,  while  the  back-to-back  Zener  diodes  protect  the 
power  transistors  from  inductive  loads.  A  reversing  switch 


may  be  added  to  switch  output  leads  in  order  to  reverse 
direction  of  the  motor. 

Any  switching  transistors  may  be  used  for  Qi  and  Q3-Q6- 
Q2  must  be  rated  for  60  V  while  the  output  transistors  must 
be  capable  of  handling  100  V  at  300  mA.  The  four  output 
transistors  are  mounted  on  heat  sinks.  Transformers  Ti  and 
T2  are  rated  36  V  rms  at  1  A. 

Detectors 

The  scattered  light  photomultiplier  is  suitably  chosen  for 
the  specific  spectroscopic  experiment.  We  have  found  that 
a  low-fluorescence  quartz  beamsplitter  and  1P28  photo- 
multiplier  are  suitable  for  the  total  scattered  intensity 
monitor  behind  the  spectrometer  entrance  slit.  The  incident 
intensity  monitor  at  the  laser  follows  standard  practice, 
with  a  polarizer  selecting  the  principal  polarization  direc- 
tion of  the  laser,  and  an  opal  glass  diffuser  spreading  the 
signal  into  a  solid  state  photodetector-operational-amplifier 
combination. 


■J.  A.  Topp  and  W.  J.  Schmid,  Rev.  Sci.  Instrum.  42,  1683  (1971). 
*S.  A.  Miller,  Rev.  Sci.  Instrum.  39,  1923  (1968). 
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A  sensitive  two-frequency  radiometer  for  remote  sensing  of 
temperature  profiles 

J.  B.  Snider 

NOAA/Wave  Propagation  Laboratory.  Boulder.   Colorado  80302 
(Received  7  March  1974;  and  in  final  form,  19  April  1974) 

The  design  and  operating  characteristics  of  a  two-frequency  radiometer  operating 
in  the  50-60  GHz  band  are  described.  The  system  was  developed  as  a  remote 
sensor  of  the  vertical  temperature  profile  in  the  lower  atmosphere.  Recent 
applications  of  the  system  as  a  temperature  probe  are  summarized. 


1.  INTRODUCTION 

The  use  of  radiometric  measurements  in  the  50-60  GHz 
frequency  region  to  infer  the  vertical  temperature  profile 
of  the  lower  atmosphere  has  developed  within  the  past 
few  years.1-3  A  number  of  experiments  and  theoretical 
studies  have  considered  various  methods  of  inverting 
radiometric  data  to  retrieve  temperature  profiles.  In  par- 
ticular, the  single-frequency  angle-scan  and  multispectral 
approaches  have  been  examined  by  the  Wave  Propagation 
Laboratory4;  it  has  been  shown  that  a  two-frequency 
radiometer  operated  in  the  angle-scan  mode  will  yield 
profile  retrievals  with  greater  accuracy  than  a  single- 
frequency  angle-scan  system,  and  as  accurate  as  a  con- 
siderably more  expensive  and  complicated  four-frequency 
angle-scan  radiometer.  As  a  result  of  this  finding,  and 
with  the  availability  of  suitable  low-noise  broadband 
mixers,  a  two-frequency  radiometer  was  built  in  the  Wave 
Propagation  Laboratory.  Detailed  results  of  an  experiment 
using  the  radiometer  to  estimate  atmospheric  temperature 
profiles  have  been  recently  published.5  In  this  paper  the 
design  and  field  performance  of  the  radiometer  are  described. 

2.  RADIOMETER  DESIGN 

The  major  operating  requirements  for  the  radiometer  in 
order  of  priority  were  as  follows. 

(1)  The  radiometer  shall  operate  at  two  frequencies 
simultaneously  using  a  single  antenna. 

(2)  The  spacing  between  the  two  operating  frequen- 
cies shall  be  variable  from  500  MHz  to  2  or  3  GHz.  Opera- 
tion over  this  range  shall  be  possible  by  simply  retuning 
the  local  oscillators  and  without  adjusting  or  changing 
radiometer  components. 

(3)  The  system  shall  be  capable  of  operating  over 
the  50-60  GHz  range  with  changes  in  waveguide  com- 
ponents and  local  oscillators  permitted  if  necessary. 

(4)  The  rms  sensitivity  shall  be  at  least  0.25  K  for  a 
30  sec  integration  time. 

The  prime  requirement  of  simultaneous  operation  at  two 
frequencies  was  achieved  by  use  of  a  switchable  four-port 
ferrite  circulator.  This  approach  makes  use  of  the  fact 
that  the  transmission  direction  in  the  circulator,  i.e.,  direc- 
tion of  energy  flow  with  lowest  loss,  may  be  switched 
by  applying  a  dc  bias  of  the  correct  polarity.  Application 


of  this  property  results  in  a  system  consisting,  in  effect, 
of  two  independent  radiometers  connected  to  a  common 
antenna  and  calibration  system. 

Operation  of  the  system  may  be  understood  by  reference 
to  the  block  diagram  (Fig.  1),  and  the  following  discussion. 
During  measurements,  atmospheric  radiation  collected  by 
the  antenna  is  coupled  to  the  radiometer  through  the 
waveguide  switch  and  directional  coupler.  During  calibra- 
tion, the  radiometer  input  is  switched  from  the  antenna 
to  the  input  termination  to  establish  a  known  temperature 
reference.  The  linearity  and  calibration  of  the  instrument 
are  then  checked  by  coupling  different  amounts  of  noise 
into  the  system  from  the  gaseous  discharge  noise  generator 
via  the  precision  attenuator  and  directional  coupler.  Up  to 
this  point,  the  operation  of  the  radiometer  is  straight- 
forward and  follows  customary  practice. 

We  now  discuss  the  manner  in  which  simultaneous 
operation  at  two  frequencies  is  achieved.  The  ferrite  cir- 
culator is  constructed  so  that  without  a  dc  bias  current 
applied  the  low-attenuation  signal  paths  are  from  port  1 
to  port  4  and  from  port  3  to  port  2.  Thus,  the  signal  from 
the  directional  coupler  flows  through  the  circulator  to 
mixer  2  via  port  4  and  the  isolator.  Similarly,  the  signal 
from  the  circulator  termination  flows  from  port  3  to  mixer  1 
via  port  2.  When  a  dc  bias  current  of  the  correct  polarity 
is  applied  to  the  circulator,  the  signal  from  the  directional 
coupler  flows  to  mixer  1  via  port  2  and  the  isolator,  while 
the  signal  from  the  termination  now  flows  to  mixer  2. 
In  practice,  the  bias  is  applied  to*  the  circulator  as  a  square 
wave.  Hence,  the  two  mixers  are  alternately  connected 
to  the  directional  coupler  and  the  termination;  as  in  the 
standard  Dicke"  system,  the  radiometer  outputs  are  pro- 
portional to  the  difference  in  the  noise  temperature  emitted 
by  the  termination  connected  to  the  circulator  and  the 
noise  temperature  incident  from  the  directional  coupler. 
The  isolators  connected  between  the  circulator  and  mixers 
are  included  to  prevent  possible  impedance  modulation  of 
the  signal  by  local  oscillator  energy  that  might  be  re- 
flected from  the  circulator  output  ports  to  the  mixer  inputs. 

The  mixers  are  broadband  low  noise  units  connected  in 
the  pushpull  or  balanced  configuration;  the  devices  were 
purchased  from  Aerojet  General  Corporation.  The  inter- 
mediate frequency  (i.f.)  amplifiers  were  supplied  integrally 
with  the  mixers  and  are  noise-matched  to  the  mixer  to 
obtain  the  optimum  noise  figure  for  the  combination.  The 
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Fio.  I.  Block  diagram  of  two-fre- 
quency microwave  radiometer  for  re- 
mote sensing  of  temperature  profiles. 
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i.f.  amplifier  passband  is  flat  within  ±1  dB  from  10  to 
110  MHz;  since  no  preselection  is  employed,  both  side 
bands  are  amplified.  The  noise  figure  for  the  mixer-i.f. 
combination  is  less  than  8.5  dB  over  the  50-60  GHz  fre- 
quency band. 

Radiometer  operating  frequencies  are  determined  by  two 
klystron  oscillators;  no  klystron  frequency  control  is  em- 
ployed except  that  inherently  provided  by  the  use  of 
regulated  power  supplies  for  all  klystron  voltages.  Each 
local  oscillator  subsystem  consists  of  the  klystron,  a  wave- 
meter,  a  variable  attenuator  for  varying  the  power  sup- 
plied to  the  mixer  diodes,  and  a  mixer  drive  monitor. 
Diode  bias  voltage  (proportional  to  mixer  power)  is  in- 
dicated on  a  single  digital  voltmeter  which  is  switched 
between  the  four  diodes  that  comprise  the  two  balanced 
mixers.  The  digital  voltmeter  is  also  used  in  combination 
with  each  absorption-type  wavemeter  to  indicate  the 
klystron  oscillation  frequency.  Klystron  frequencies  are 
checked  during  measurements ;  in  general,  frequency  changes 
during  a  45  min  period  are  not  detectable. 

The  wavemeters  were  calibrated  against  a  52.75  GHz 
source  derived  from  the  fifth  harmonic  of  a  10.55  GHz 
crystal-controlled  solid-state  multiplier.  Although  only  a 
single  point  calibration  was  achieved  in  this  manner,  we 
assume  the  same  wavemeter  error  exists  over  the  operating 
bandwidth  of  the  radiometer.  The  estimated  accuracy  of 
the  wavemeter  calibration  is  ±40  MHz;  this  figure  in- 
cludes an  uncertainty  of  ±10  MHz  in  the  harmonic  cali- 
bration technique  and  an  allowance  of  ±30  MHz  for 
random  errors.  Since  the  change  in  zenith  brightness  tem- 
perature with  frequency  is  approximately  54  K/GHz  in 
the  54  GHz  region,  the  wavemeter  uncertainty  produces 
a  possible  error  of  ±2.1  K  at  90°  elevation  angle  when 
translated  to  brightness  temperature.  At  lower  elevation 
angles  and  as  the  operating  frequency  approaches  the  O2 
resonance  at  60  GHz,  the  possible  error  decreases  since 
the  change  of  brightness  temperature  with  frequency 
decreases. 

The  reference  signal  for  the  lock-in  amplifiers  (syn- 
chronous detectors)  is  generated  by  a  single  audio  oscil- 
lator which  also  serves  as  the  trigger  to  the  square  wave 
generator  that  switches  the  ferrite  circulator.  A  180°  phase 
reversal  is  used  in  the  reference  signal  of  one  lock-in  am- 
plifier so  that  both  radiometer  channels  have  the  same 
output  polarity.  The  dc  outputs  from  the  lock-in  amplifiers 


are  recorded  on  strip-chart  recorders;  in  addition,  an  inter- 
face unit  (not  shown)  provides  a  ±1  V  dc  output  for 
magnetic  tape  recording. 

All  radiometer  components,  except  for  power  supplies, 
lock-in  amplifiers,  and  recorders  are  located  in  a  housing 
mounted  on  the  system  antenna  (Fig.  2).  Those  waveguide 
components  whose  self-generated  noise  temperatures  affect 
the  radiometer  output  are  housed  in  a  temperature-con- 
trolled insulated  compartment  to  minimize  the  variation 
in  self-generated  noise.  The  waveguide  temperature  at  six 
different  locations  is  measured  by  thermistors  and  recorded 
automatically  on  a  digital  printer  at  5  min  intervals.  These 
temperatures,  along  with  the  waveguide  loss  factors  (which 
were  measured  in  the  laboratory)  are  combined  in  the  data 
reduction  process  to  correct  for  self-generated  noise. 


Fig.  2.     Microwave  radiometer  and  antenna  installed  in  elevation 
over  azimuth  pedestal. 
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The  radiometer  antenna  is  a  conical  horn  reflector  with 
a  1.2  m  aperture  installed  in  an  elevation  over  azimuth 
mount.  Antenna  mount  axes  are  individually  controlled, 
and  the  elevation  and  azimuth  angles  displayed  at  the 
radiometer  operating  position.  The  half-power  antenna 
beamwidth  is  approximately  0.3°  at  54  GHz;  primary 
polarization  antenna  power  patterns  were  measured  to 
facilitate  calculation  of  brightness  temperature. 

We  derive  brightness  temperature  from  antenna  tem- 
perature using  a  simple  conversion  factor  based  upon  our 
antenna  characteristics  and  a  mean  brightness  temperature 
profile.  The  process  converts  antenna  temperature  mea- 
sured at  a  given  elevation  angle  to  a  value  of  brightness 
temperature  at  the  same  elevation  angle.  The  conversion 
factor  was  calculated  by  numerically  integrating 


n«(0)=-  f 

47T  J  4, 


G(Q)Tb(tydQ, 


(1) 


where  Ta{d)  is  the  antenna  temperature  at  elevation 
angle  8,  and  Tb(£l)  and  G(fl)  are  the  brightness  tempera- 
ture and  antenna  directive  gain,  respectively,  as  a  function 
of  solid  angle  fi;  the  integration  is  performed  over  4ir 
steradians.  Mean  brightness  temperature  profiles  at  the 
operating  frequencies  are  computed  from  past  radiosonde 
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data  for  the  area  in  which  measurements  are  to  be  made. 
We  assume  that  the  ground  is  a  black  body  radiating  at 
the  surface  temperature  of  the  mean  brightness  tempera- 
ture profile.  The  conversion  factor  is  the  difference  between 
mean  brightness  temperature  and  the  integrated  antenna 
temperature  at  the  same  elevation  angle. 

A  brightness  temperature  measurement  is  now  given  by 


Tbm{6)  =  Tm(6)+[TM  -  Ta(6)l 


(2) 


where  Tbm(d)  and  Tam(d)  are  the  measured  brightness  and 
antenna  temperatures,  respectively,  at  elevation  angle,  0, 
and  the  quantity  in  brackets  is  the  conversion  factor. 

To  estimate  the  error  in  the  conversion  factor  caused 
by  an  incorrect  choice 'for  the  mean  brightness  tempera- 
ture, we  evaluated  Eq.  (1)  for  measured  profiles  consisting 
of  (i)  a  strong  ground-based  inversion,  and  (ii)  a  9°C/km 
lapse  rate.  From  Fig.  3  we  see  that  the  conversion  factor 
for  the  individual  profiles  may  differ  from  that  for  the 
mean  profile  by  approximately  1  K  at  the  low  elevation 
angles  with  the  largest  differences  occurring  for  the  intense 
temperature  inversion.  This  result  indicates  that  retrieved 
profiles  containing  temperature  inversions  may  be  subject 
to  a  slightly  greater  error  than  lapse  profiles. 

The  absolute  accuracy  of  an  antenna  temperature  mea- 
surement based  upon  uncertainties  in  line  loss  values,  wave- 
guide physical  temperature,  the  radiometer  noise  level,  etc. 
is  estimated  to  be  ±4.5  K.  Adding  the  uncertainty  in 
converting  antenna  to  brightness  temperature,  the  absolute 
accuracy  of  a  brightness  measurement  varies  from  ap- 
proximately (  — 5.8)-(+4.5)  K  at  0°  elevation  angle  to 
±4.6  K  at  90°  elevation.  In  practice  the  absolute  accuracy 
can  be  made  somewhat  better  than  just  stated  through 
the  technique  of  using  the  atmospheric  radiation  at  0° 
elevation  angle  as  a  calibration  point;  this  procedure  is 
valid  since  the  0°  brightness  and  surface  temperatures  are 
essentially  equal  in  the  50-60  GHz  region.  With  this 
technique,  an  absolute  accuracy  figure  of  ±3  K  appears 
reasonable. 

3.  RADIOMETER  PERFORMANCE 

The  rms  sensitivity  of  both  radiometer  channels  is  con- 
servatively estimated  to  be  0.25  K  for  a  10  sec  integration 
time;  this  value  is  determined  by  dividing  the  peak  to 
peak  fluctuation  of  the  radiometer  output  (in  temperature 
units)  by  four.  The  experimental  sensitivity  is  consistent 
with  the  theoretical  value  for  a  balanced  radiometer  com- 
puted from7 

w     T, 
ATms  = ,  (3) 


Fig.  3.     Brightness  temperature  conversion  factor  for  different  tem- 
perature profiles. 


V2~  V£t- 

where  Arrm5  is  the  minimum  detectable  temperature 
change,  I ',  is  the  system  operating  temperature,  B  is  the 
effective  noise  bandwidth,  and  r  is  the  integration  time. 
The  factor  jr/V2  is  the  modulation  constant  used  for 
square-wave  switching  and  sine-wave  detection  waveforms. 
System  operating  temperature  is  given  by 


Ts  =  Ta+\(F-\)29Q, 


(4) 
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where  Ta  is  the  antenna  temperature  and  F  is  the  radiome- 
ter noise  factor.  The  (§)  multiplier  in  Eq.  (4)  is  included 
because  the  radiometer  noise  temperature  is  effectively 
halved  since  the  noise  power  in  both  signal  and  image 
passbands  contributes  to  the  radiometer  output.8  Sub- 
stituting system  characteristics 

r,,  =  2S0K       F=13.8       J3  =  100MHz       7  =  10sec 

into  Eqs.  (2)  and  (3)  yields  a  theoretical  sensitivity  of 
0.15  K.  This  system  cannot  be  operated  in  a  balanced 
condition  as  a  consequence  of  its  two-frequency  capability. 
Therefore,  the  actual  sensitivity  can  be  expected  to  be 
slightly  worse  than  predicted  by  Eq.  (3).  Characteristics 
of  the  radiometer  are  summarized  in  Table  I. 

An  inconvenient  operational  problem  with  the  present 
instrument  is  a  slow  variation  in  the  i.f.  gain  caused  by 
thermal  radiation  from  the  klystron  local  oscillators.  The 
problem  occurs  only  during  the  day  when  ambient  tem- 
peratures are  25°C  or  higher.  Fortunately,  the  gain  varies 
systematically  with  the  temperature  proximate  to  the  i.f. 
amplifiers.  By  monitoring  the  latter  temperature  with  a 
thermistor,  changes  in  the  radiometer's  input-output  char- 
acteristic can  be  followed. 

While  the  gain  variation  might  be  reduced  by  installa- 
tion of  suitable  thermal  barriers  between  the  i.f.  amplifiers 
and  klystrons,  a  more  viable  solution  would  be  to  replace 
the  klystrons  with  low-power  solid-state  sources.  Use  of 
solid-state  local  oscillators  would  also  eliminate  the  need 
for  high  voltages  and  the  attendant  problems  with  moisture 
and  arcing.  An  additional  advantage  of  solid-state  local 
oscillators  is  an  improved  frequency  stability  that  would 
decrease  the  measurement  error  caused  by  uncertainty  in 
indicated  operating  frequency  (see  above). 

4.  APPLICATIONS 

The  two-frequency  system  has  been  used  to  estimate 
vertical  temperature  profiles  up  to  a  height  of  3  km  from 
53.5  and  54.5  GHz  measurements."'  Temperature  profiles 
were  derived  from  the  radiometric  measurements  using 
minimum  variance  statistical  inversion  techniques.1-3  An 
average  rms  difference  of  2.0  K  between  temperature  pro- 
files measured  bv  radiosondes  and  that  inferred  from  the 


Table  I.     Summary  of  two-frequencj 
acteristics. 


microwave   radiometer   char- 


LO  center  frequencies 
Frequency  separation 
I.f.  passband  (2  dB) 
Sensitivity  (7-=  10  sec) 
System  noise  figure* 
Mixer  noise  figure 
Antenna  beamwidth  (3  dB) 
Estimated  absolute  accuracy 


Variable,  50-60  GHz 
250  MHz-2  GHz 
10-110  MHz 
0.25  K 
11.4  dB 
8.0  dB 
0.3° 
±3.0  K 


a  System  noise  figure  is  referred  to  the  antenna  input  port. 

radiometer  data  was  obtained  for  13  soundings  containing 
a  variety  of  profiles.  The  radiometer  easily  indicated  the 
presence  or  absence  of  ground-based  inversions.  In  addi- 
tion, brightness  temperature  recorded  at  a  fixed  antenna 
elevation  angle  correlated  well  with  temperatures  recorded 
at  specific  levels  on  an  instrumented  tower. 

A  second  experiment  was  performed  to  investigate  the 
ability  of  the  radiometer  to  monitor  temperature  fluctua- 
tions in  the  first  few  hundred  meters  above  the  earth's 
surface.  For  this  study,  the  radiometer  was  operated  at 
58  and  60  GHz;  the  frequency  change  was  accomplished 
by  changing  the  circulator,  isolators,  and  the  klystrons. 
The  system  sensitivity  was  essentially  the  same  as  at  the 
lower  frequencies.  Although  the  radiometer  data  have  not 
been  inverted  to  recover  temperature  profiles,  radiometric 
and  theoretical  brightness  temperatures  compare  well. 
Further,  direct  radiometric  measurements  correctly  in- 
dicate the  gross  temperature  structure  of  the  lower 
atmosphere. 
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COEFFICIENT  ERRORS  CAUSED  BY  USING  THE 

WRONG  COVARIANCE  MATRIX  IN  THE 

GENERAL  LINEAR  MODEL 

By  Otto  Neall  Strand 

Wave  Propagation  Laboratory,  Boulder,  Colorado 

A  method  is  derived  to  place  an  approximate  bound  on  the  mean- 
square  error  incurred  by  using  an  incorrect  covariance  matrix  in  the  Gauss- 
Markov  estimator  of  the  coefficient  vector  in  the  full-rank  general  linear 
model.  The  bound  thus  obtained  is  a  function  of  the  incorrect  covariance 
matrix  factually  used,  the  Frobenius  norm  of  S  —  5,  where  5  is  the  correct 
covariance  matrix,  and  the  basis  matrix  <j>.  This  estimate  can  therefore  be 
computed  from  known  or  easily-approximated  data  in  the  usual  regression 
problem.  All  mathematics  related  to  the  method  is  derived,  and  numerical 
examples  are  presented. 

1.  Introduction.  In  this  paper  we  are  concerned  with  the  full-rank  general 
linear  model 

(1.1)  y  =  <fia  +  e 

where 

y  is  an     n  x  1     vector  of  real  measurements, 

(p  is  an     n  x  p     real  matrix  of  rank    p,  p  <  n, 

a  is  an  unknown    p  x  1     real  vector  of  coefficients, 

e  is  an     n  x  1     random  real  column  vector  of  measurement  errors, 

such  that 

(1.2)  E(e)  =  0  and 

(1.3)  E(eeT)  =  S  . 

Here  S  is  assumed  strictly  positive  definite,  £(•)  is  the  expected-value  operator, 
and  the  superscript  T  denotes  matrix  transposition. 

It  is  well  known  that  the  optimum  linear  unbiased  estimate  of  a  (i.e.,  that 
estimate  having  the  smallest  expected  mean-square  error)  is  achieved  when  the 
residuals  are  weighted  it.  accordance  with  S'1.  However,  in  practice  S  is  not 
known,  but  one  only  has  an  approximation  S  to  S  and  perhaps  a  reasonable 
bound  on  the  departure  of  5  from  S.  If  one  uses  S  in  place  of  S,  one  will 
ordinarily  incur  an  error  in  the  estimated  coefficient  vector  a.  In  this  paper 
we  develop  a  method  of  placing  an  approximate  bound  on  the  expected  mean- 
square  value  of  this  error.    This  bound  is  a  function  of  the  basis  matrix  <f>,  the 
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approximate  covariance  matrix  S  and  a  norm  of  the  departure  of  S  from  the 
true  covariance  matrix  S.  Several  authors  [1],  [3],  [4],  [5],  [6],  [8],  [10],  have 
recently  investigated  questions  closely  related  to  this.  However,  although  these 
papers  are  of  theoretical  interest,  they  do  not  provide  readily  usable  estimates 
of  the  error  to  be  expected  in  a  for  a  given  size  error  in  S.  The  present  paper 
differs  from  these  others  in  that  it  attacks  the  mean-square  error  expression 
directly  to  provide  an  estimate  of  the  maximum  possible  expected  mean-square 
error  in  terms  of  quantities  that  are  often  available;  that  is,  in  terms  of  cf>,  S 
and  a  bound  on  the  Frobenius  norm  of  S  —  S. 

In  the  following  sections  we  begin  by  obtaining  covariance  and  mean-square 
error  expressions  (Section  2),  show  how  to  maximize  the  mean-square  error  in 
a  for  a  given  covariance-matrix  error  norm  (Section  3),  show  how  to  determine 
the  required  maximal  eigenvalue  (Section  4),  apply  the  theory  to  regression 
errors  for  unit-weight  least  squares  (Section  5),  and  finally,  present  numerical 
illustrations  (Section  6). 

2.  Covariance  and  mean-square  error  results.  The  results  in  the  first  part  of 
this  section  are  well  known  and  are  easily  derived  by  taking  expected  values 
and  traces.  We  therefore  do  not  include  derivations.  In  this  paper  we  assume 
that  both  S  and  5  are  strictly  positive  definite  and  tha.t  §  and  <f>  are  known.  The 
optimum  or  Gauss-Markov  estimate  of  a  is  given  by  a,  where 

(2.1)  &  =  {<j>TS-l(j>)-1<l>TS-iy . 
Furthermore, 

(2.2)  E(a)  =  a  , 

so  tha»  a  is  unbiased.  The  covariance  matrix  of  a  is 

(2.3)  Ss_a  =  (^S-V)-1  . 

(Whenever  convenient,  we  denote  the  covariance  matrix  of  a  random  vector  v 
by  Sv.)  Now  suppose  that,  instead  of  using  the  correct  covariance  matrix  5,  we 
use  the  incorrect  covariance  matrix  S  in  the  estimation.  Then  we  form  the 
corresponding  estimate 

(2.4)  a  =  {(j>TS-'(f>)-l<pTS-ly  , 

where  the  only  difference  between  (2.1)  and  (2.4)  is  that  S  is  replaced  by  S  in 
the  latter.    Again  we  have 

(2.5)  E(&)  =  a 
and  this  time 

(2.6)  S,_£  =V-  (f S-V)-1 
where 

(2.7)  v  =  (^s-^y^s-'ss-^i^s-1^)-1  =  Sz_a  . 
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It  follows  from  (2.6)  and  (2.7)  that 

(2-8)  S-_a  =  5-_,  +  S£_a  . 

By  taking  traces  we  obtain 

(2.9)  E[(a  -  a)T(a  -  a)]  =  E[(d  -  d)T(d  -  a)] 

+  E[(a  -  a)T(a  -  a)]  . 
It  is  also  covenient  to  write 

(2.10)  trS5_A  =  tri\S-  tr  (0rS-V)_1 
and 

(2.11)  tr  S-a_a  =  tr  PtS 

where 

(2.12)  Pt  =  S~l<l>{(f>TS-l<f>)-2(f>TS-1 

and  we  note  that  P1  involves  only  the  basis  matrix  <f>,  which  is  assumed  known,' 
and  the  known  incorrect  covariance  matrix  S.  Throughout  this  paper  we  shall 
be  concerned  with  tr  S5_-  (as  given  by  (2.10))  as  a  measure  of  the  departure  of 
a  from  the  optimum  solution  a. 

It  is  apparent  from  (2.10)  that  the  nonlinear  dependence  of  the  term 
tr  [(^S-1^)-1]  on  tne  (unknown)  correct  covariance  matrix  S  presents  difficulties 
which  must  be  overcome.    For  this  purpose  we  let 

(2.13)  S=S+AS, 

where  AS  is  a  symmetric  error  matrix.  Further  define  the  Frobenius  (or 
Euclidean)  norm  of  any  square  matrix  A  by 

(2.14)  H^ll3  =  ItAtA  . 

Equation  (2.14)  defines  the  only  type  of  matrix  norm  to  be  used  in  this  paper. 
Since  5  itself  is  not  known,  we  will  assume  that  a  number  e  >  0  is  known 
such  that 

(2.15)  ||AS||£«. 

An  important  restriction  is  made  at  the  outset:  the  number  6  must  be  sufficiently 
small  that  for  every  A5 satisfying  (2.15),  the  matrix  Sin  (2.13)  is  strictly  positive 
definite.  Since  the  eigenvalues  of  S  are  all  positive  by  hypothesis,  and  since 
the  eigenvalues  of  S  +  AS  are  continuous  functions  of  AS,  and  furthermore  all 
S  +  AS  are  symmetric  (having  real  eigenvalues),  it  follows  that  as  AS  is  con- 
tinuously varied  in  compliance  with  (2.15),  the  eigenvalues  of  S  +  AS  move 
continuouly  along  the  real  axis  and  that  the  set  of  admissible  e  has  the  form 
{e  1 0  <  e  <  £0  for  some  £0  >  0}.  What  we  do  not  permit  is  for  any  eigenvalue 
of  S  +  AS  to  touch  or  cross  the  origin  as  AS  varies  arbitrarily  over  all  symmetric 
matrices  satisfying  (2.15).  In  what  follows  we  will  assume  that  this  restriction 
is  satisfied  unless  a  specific  statement  to  the  contrary  is  made.     It  will  be 
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discovered  that  many  of  the  arguments  in  this  paper  depend  on  the  interaction 
of  Px  (see  (2.12))  and  P2,  denned  below: 

(2.16)  P2  =  S-1  -  S-l(f>((j>TS-x(f>)-lcl>TS-1  . 

Note  that  Ps  also  involves  only  known  quantities.  The  following  identities  follow 
readily  from  (2.12)  and  (2.16): 

P*  =  Pt        and         P2T  -  P2 

<f>TP2  =  Prf  =  0 

^P^  =  Ip  =  p  x  p     identity 

(2.17)  rank  P,=p 
P.SP,  -  P1SP2  =  0 

P2S    and     SP2    are  idempotent, 

i.e.,     (P2S)2  =  P2S        and         (SP2)2  =  SP2 

(fiitpTS-1^)-1^  =  s  -  sp2s  . 

In  the  special  case  S  —  I,  some  of  the  relationships  (2.17)  may  be  written  as 

P2PX  =  PXP2  =  0 

(2.18)  P2j  =  P,,  y  =  l,2,3,... 

W0)-Vr  =  I-P2. 

It  follows  from  the  continuity  of  the  eigenvalues  of  5  as  functions  of  the 
coefficients  AS,,,  that  the  set  E  =  {AS\S  is  strictly  positive  definite}  is  an  open 
set  in  the  sense  that  if  A5"e  E  then  for  each  /  <£y  the  element  ASi}-  =  A5Jt  can 
be  varied  within  an  open  interval  without  causing  AS  to  depart  from  E.  Thus 
every  AS  e  E  is  an  interior  element. 

If  ASe  E,  then  the  matrix  /  +  .P2AS  is  nonsingular.  This  will  be  established 
by  proving  that  if  v  is  an  n-tuple,  then 

(2.19)  (/  +  ^AS)^  =  0     implies     v  =  0  . 
Suppose  (2.19)  is  satisfied;  then  by  (2.13), 

(2.20)  [(I  -  P2S)  +  P2S]v  =  0  . 

Since  P2S  is  idempotent  (see  2.17)  we  may  multiply  (2.20)  on  the  left  by  P2S 
to  get 

(2.21)  P2SP2Sv  =  0. 

Since  SP2  is  also  idempotent,  we  may  multiply  (2.21)  on  the  left  by  S  to  get 
SP2Sv  =  0,  from  which 

(2.22)  P2Sv  =  0  ,         since     S     is  nonsingular. 
Substituting  (2.22)  into  (2.20)  gives 

(2.23)  v  -  P2Sv  . 
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We  calculate  vTSv  =  vTSP2Sv  =  (P2Sv)TSv  =  0.  Since  S  is  strictly  positive 
definite  by  hypothesis,  this  implies  v  =  0. 

We  are  now  ready  to  state  and  prove  a  theorem  that  greatly  simplifies  the 
study  of  the  expected  mean-square  departure  of  a  from  a. 

Theorem  2.1.    If  S  +  AS  =  S  is  a  strictly  positive  definite  matrix,  then 
(2.24)  E[(a  -  d)T{a  -  a)]  =  tr  P,S  -  tr  (^S'^y1 

str[?1ASi'IA5(/  +  PlA5)-1], 

w/^re  Pj  is  given  by  (2.12),  /*a  is  given  by  (2.16),  and  AS  w  £7ven  6y  (2.13).  The 
equality  of  the  second  and  third  members  of  (2.24)  holds  whether  S  is  strictly  positive 
definite  or  not. 

Proof.    We  first  note  the  useful  identity 

(2-25)  (/+*)-!=  Z*=0(-Ry+Tk 

where  k  =  0,  1,  2,  .  •,  Tk  =  (-/?)l+1(/  +  Ry1  =  (I  +  /?)-'( -R)k+\  R  is  any 
square  matrix  for  which  /  +  R  is  nonsingular.  Formula  (2.25)  is  easily  estab- 
lished by  pre-  or  post-multiplication  by  /  +  R.    We  calculate  from  (2.13) 

(2.26)  (^S-^)"1  =  {4>TS~l<f>)-\I  -  A)'1 
where 

(2.27)  a  =  0rS-IAS(  +  s-^sy'S-^i^s-^y1 , 

and  from  (2.16) 

(2.28)  (/  +  S-'AS)-'  =  (/  +  P2ASy\I  -  B) 
where 

(2.29)  b  =  s-^i^s-^y^s-'ASii  +  s-'AS)-1 . 

Applying  (2.25)  to  (2.26)  with  k  =  0  and  R  =  —A  gives 

(2.30)  (^s^y1  =  (4>Ts-i(f>yi  +  {<f>Ts-i(i>yiA{i  -  ^i)-1 . 

Substituting  (2.28)  and  (2.29)  into  (2.27)  gives 

(2.31)  a  =  tprS-^S(i  +  p.Asys-^i^s-^yy  -  a\  . 

Substituting  (2.31)  into  (2.30)  and  taking  traces  gives 

(2.32)  tr(^S-V)"1  =  tr[P,S  +  P,AS(/  +  PoASy1]  . 

Applying  (2.25)  with  R  =  P2ASand  k  =  0,  and  noting  (2.13),  shows  that  (2.32) 
is  equivalent  to  (2.24). 

Note  that  the  proof  just  given  holds  for  any  symmetric  matrix  AS  for  which 
the  indicated  inverses  exist.  In  fact,  the  identity  of  the  second  and  third 
members  of  (2.24)  is  valid  even  when  the  resulting  matrix  5  is,  not  positive 
definite,  and  this  fact  was  demonstrated  numerically  for  randomly-chosen  sym- 
metric matrices  AS.    Expression  (2.24)  is  the  basis  for  the  analysis  of  this  paper. 
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The  objective  is  to  find  a  maximum  for  the  mean-square  error  expression  (2.24) 
under  the  assumption  that  ||AS||  is  fixed. 

3.    Maximization  of  mean-square  error  for  a  given  covariance-matrix  error 
norm.    We  begin  by  maximizing  the  expression  (2.24)  under  the.assumption  that 

(3.1)  ||AS||2  =  tr{(AS)rAS}  =  £2  . 

Since  all  admissible  AS  must  be  symmetric,  we  require  the  further  constraint 

(3.2)  AStj  =  ASjt         for     /'<;',     where     AS  =  (AS0-) . 

In  accordance  with  the  method  of  Lagrange,  we  require  that  the  quantity  G(AS) 
be  stationary,  where 

(3.3)  G(AS)  =  tr  {P, ASP2AS(I  +  P2 AS)-1} 

-  4tr{(ASfAS}  -  e2]  -  ZU  Z&Pdtea  ~  *S«) 

and  X  and  the  (itj  are  Lagrange  multipliers.    We  may  differentiate  the  first  trace 
in  (3.3)  as  follows.    If  we  denote  this  trace  by /(AS),  then 

f(AS+H)-f(AS) 

=  tr[P2AS(I+  P2  AS)-1/',  //+(/+  P.ASy^ASP.H 

-  (I  +  JP2AS)-1/J1AS/'2AS(/  +  P2AS)-lP2H  +  O(W)]  . 

Differentiating  the  linear  terms  with  respect  to  H  (note  the  well-known  formula 
(djdH)[tr  BH]  =  B7),  simplifying  and  applying  the  condition  AS  =  ASr  gives 

(3.4)  {d/dAS)  tr  {/>,  ASP2AS(f  +  P2AS)-1} 

=  (I  +  P2AS)-'Q(AS)(I  +  ASP2)-> 
where 

(3.5)  <2(AS)  =  P,ASP2  +  P2ASP,  +  P2ASP,ASP2 . 
Also, 

(3.6)  (d/dAS)  tr  {(AS)rAS}  =  2AS 


and 
where 


(d/dteftZU  2fci  Mjt^it  -  *SU)]  =  M  ==  (Mu) 


(3.7)  =  0 


=  j 


=  Mij 

Thus  M  —  —  A/7'  so  that  M  is  skew  symmetric.  The  stationarity  condition 
(d/dAS)[G(AS)]  =  0  and  the  symmetry  of  AS  together  imply  that  M  is  also 
symmetric;  consequently  M  —  0  and  all  fitj  are  zero.  We  therefore  obtain  the 
equation 

(3.8)  TNL(AS)  =  xas 
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where  the  constraint  f.l)  has  been  imposed,  the  subscript  NL  denotes  "non- 
linear," aiia 

(3.9)  27\,L(AS)  =  (/  +  P2AS)-'Q(AS)(f  +  ASP,)-' 

where  Q(AS   is  defined  by  (3.5). 

Up  to  this  point  no  approximations  have  been  made.  Two  formidable  dif- 
ficulties become  apparent.  First,  it  is  not  clear  that  solving  (3.8)  to  maximize 
(2.24)  using  the  equality  constraint  ||AS||  =  £  will  necessarily  suffice  for  the 
inequality  constraint  ||AS||  <^  e.  Furthermore,  solving  the  nonlinear  eigenvalue 
problem  (3.8)  would  itself  be  a  formidable  task.  We  therefore  resort  to  an 
approximation  which  consists  of  maximizing  the  leading  term  of  (2.24).  Apply- 
ing identity  (2.25)  with  k  =  0  and  R  =  P2AS  to  (2.24)  gives 

(3.10)  E{(a  -  d)T(d  -  a)}  =  tr  [P,  ASP2AS[I  -  P2AS{I  +  F.AS)-1]} 
so  that  the  error  committed  by  using  a  second-degree  approximation  is 

(3.11)  Error  =  -tr  [P1  AS(P2AS)2(I  +  P2ASyi}  . 

Since  (3.11)  is  of  degree  3  or  higher  in  P2AS,  it  can  be  ignored  for  sufficiently 
small  AS.  Of  course,  if  (3.11)  could  be  bounded  in  a  satisfactory  manner,  a 
rigorous  upper  bound  to  (2.24)  could  be  obtained.  Otherwise  the  bound  is  only 
approximate.  However,  even  a  rough  upper  bound  on  the  expected  mean- 
square  error  is  often  useful.  The  situation  is  similar  to  that  occurring  when 
one  uses  differentials  to  estimate  errors  in  a  function  of  several  variables. 
Dropping  third  and  higher-degree  terms  from  (2.24)  gives  the  simpler  problem 

(3.12)  ir  {P1 ASP2  AS}  =  maximum 

under  the  constraints  ||AS||  =  £  and  AS  =  AS'  as  in  (3.2).  It  will  be  seen  that 
the  resulting  maximum  will  also  suffice  for  the  inequality  constraint.  Carrying 
out  the  differentiation  gives  the  following  equation  corresponding  to  (3.8): 

(3.13)  i(PiASP2  +  P2ASP})  =  /(AS. 

We  present  some  facts  about  expressions  (2.24)  and  (3.12)  and  the  solutions  of 
(3.8)  and  (3.13). 

First,  if  S  if  strictly  positive  definite,  then 

(3.14)  tr  {PjAS^AS}  ^  0     for  all  symmetric  matrices     AS. 

This  follows  from  (2.12)  and  the  fact  that  P2  is  nonnegative  definite  by  writing 

(3.15)  tr  {P.ASP.AS}  =  tr  {[ASS-V^S^r^P^ASS-'^^S-y')-1]}  ^  0  . 

The  right-hand  side  of  the  exact  expression  (2.24)  is  also  nonnegative,  as  it  is  a 
mean-square  error. 

It  follows  readily  from  (2.24)  that  the  two  types  of  symmetric -matrices 

(3.16)  AS  =  (f>A<j>T 
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where  A  is  any  symmetric  p  x  p  matrix  and 

(3.17)  AS  =  k  ■  S 

where  k  is  any  constant  for  which  S  is  positive  definite,  are  such  that 

(3.18)  E{(a  -  &)T(&  —  &)}  =  0  . 

These  are  special  cases  in  which  the  expected  mean-square  error  is  not  increased 
by  an  error,  AS,  in  the  covariance  matrix.  If  S  =  /,  such  cases  are  easily 
characterized. 

Theorem  3.1.  If  S  —  1  and  S  is  strictly  positive  definite,  then  (3.18)  holds  if 
and  only  if 

(3.19)  PrASP2  =  0 
or  equivalently 

(3.20)  <pTkSP2  =  0  . 

In  case  AS  satisfies  (3.19),  then  both  (2.24)  and  the  leading  term  tr  {P1ASP2AS} 
vanish,  and  both  (3.8)  and  (3.13)  are  satisfied  with  X  =  0. 

Proof.  Suppose  (3.18)  holds.  Then,  since  tr  {PlASP2AS(I  +  P2  AS)"1}  is  zero, 
it  is  an  unconstrained  minimum,  and  according  to  the  discussion  in  Section  2, 
AS  is  an  interior  point  of  the  set  E.  Thus  AS  satisfies  (3.8)  with  X  =  0.  Recal- 
ling that  /  -f-  P2  A S  anrl  /  —  ASP2  —  (I  -f-  F2AS)7'  are  nonsingular  matrices  and 
cancelling  the  inverses  gives 

(3.21)  Q(AS)  =  0  .  (See  (3.5).) 

Pre-multiplying  by  /  —  P2  and  noting  (2.18)  gives  PtASP2  =  0,  and  (3.13)  is 
satisfied  with  X  =  0.  Conversely,  if  P1ASP2  =  0,  then  both  (2.24)  and  the  lead- 
ing term  vanish  and  both  (3.8)  and  (3.13)  are  satisfied  with  X  =  0. 

We  note  that  AS  as  given  by  (3. 16)  and  (3.17)  both  satisfy  (3.19)  when  S  =  I. 
It  is  known  [8],  that  the  most  general  assignment  of  AS  for  which  (3.18)  holds 
(when  S  —  I)  has  the  form 

(3.22)  AS  =  (f>A0r  +  xBxT  +  r  ■  I 

where  r  is  a  scalar,  A  and  B  are  arbitrary  symmetric  matrices  and  x  is  an  «-tuple 
such  that  xT(f>  =  0.    It  is  easily  verified  that  (3.22)  satisfies  (3.19). 

If  the  simplified  equation  (3.13)  is  satisfied,  and  §  =  J,  then  the  last  member 
of  (2.24)  reduces  to  (3.12)  even  if  k  ^  0.  Because  of  this,  one  might  expect  that 
the  corresponding  solution  of  (3.13)  would  solve  (3.8).  Unfortunately,  this  is  not 
the  case.  To  see  this,  note  that  if  Xisa  symmetric  solution  to  (3.13),  X  =£  Oand 
S  is  strictly  positive  definite,  then 

(3.23)  P2XP2  =  0. 
If  X  =£  0  also  satisfies  (3.8),  we  have 

(3.24)  P1XP3  +  PiXP1  +  P2XP,XP2  =  2X(I  +  P2X)X(I  +  XP2)  . 
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Pre-multiplication  by  P2  gives 

(3.25)  P2XPX  =  2XP2(I  +  P2X)X 

and  post-multiplication  of  (3.25)  by  P2  gives  P2(f  +  P2X)XP2  =  0  or 

(3.26)  P2XP2  =  -P2X*P2. 
According  to  (3.23)  this  implies 

(3.27)  P2\2P2  =  (P2X)(P2X)T  =  0, 

from  which  F2.V=  0  and  therefore  PaXPJ  =  PXXP2  =  0  which,  according  to 
(3.13),  is  a  contradiction  unless  X  =  0.  Thus,  even  when  §  =  I,  a  solution  of 
(3.13)  only  approximates  the  maximum  expected  mean-square  error  in  a. 

We  continue  the  discussion  of  the  approximate  problem  (3.12).    Multiplying 
by  AS  =  ASr  and  taking  the  trace  gives 

(3.28)  tr  {P1XP2X}  =  Xe2 

if  X  is  a  solution  of  (3.12)  under  the  stated  constraints.  Thus  (3.12)  will  be 
maximized  by  substituting  the  maximal  X  for  which  (3.13)  has  a  solution  into 
(3.28).  It  follows  from  (3.15)  that  the  desired  solution  for  X  must  be  positive. 
Since  (3.28)  defines  an  increasing  function  of  e2,  this  value  of  X  will  then  maxi- 
mize (3.12)  under  the  constraint  ||AS||2  <^  e1.  In  the  next  section  we  derive  a 
method  of  solving  (3.13).  Because  of  the  fact  that  the  unknown  element,  AS, 
is  a  matrix  and  not  an  n-tuple,  (3.13)  is  not  (as  it  stands)  a  vector-matrix  char- 
acteristic equation.  However,  it  will  be  discovered  in  the  next  section  that 
(3.13)  represents  a  characteristic  equation  in  a  space  whose  elements  are  n  x  n 
symmetric  matrices. 

4.    Determination  of  maximal  operator  eigenvalue.    Let  e%f  be  the  set  of  all 

n  x  n  real  symmetric  matrices.  We  denote  elements  of  -^  by  capital  letters 
X,  Y,  ■■  ■ .  (These  are  elements  such  as  AS  in  (3.13).)  Clearly  J%?  is  a  linear 
manifold.    We  define  the  inner  product  of  elements  of  . '%  '  by  the  formula 

(4.1)  (X,  Y)  =  tr  XT'  =  tr  XY  =  tr  YX . 

With  the  definition  (4.1)  ^  is  a  finite-dimensional  Hilbert  space.  Taking  as  a 
basis  the  set  of  matrices  having  ones  in  two  symmetrically-placed  locations  and 
zeros  elsewhere,  together  with  matrices  having  a  single  one  on  the  diagonal  and 
zeros  elsewhere,  shows  that  c%f  has  dimension  n(n  -\-  l)/2. 

Consider  the  operator  T  defined  by  the  left-hand  side  of  (3.13). 

(4.2)  TX  =  i[PxXP2  +  P2XP,]  ,  Xe  3f. 

Since  TX  is  again  a  real  symmetric  n  x  n  matrix,  T  maps  £%f  into  .'¥ .  It  is 
easily  verified  that  T  is  linear.  (It  is  also  true  that  TNL  (see  (3.8))  maps  3£  into 
£4f,  although  the  mapping  is  nonlinear.)    Now  if  X,  Y  e  ^£\  then 

(4.3)  (TX,  Y)  =  tr  [^{PlXP2  +  P2XP,)Y] 

=  tx{X[^{P2YPl  +  P.YP,)]}  =  (X,  TY)  . 
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Therefore  T  is  self  adjoint.    Since  (TX,  X)  =  tr  (P,XP2X)  ^  0  for  all  Xe  3ff 
(see  (3.15)),  it  follows  that  T  is  nonnegative  definite.    Thus  T  is  a  compact,  self- 
adjoint  nonnegative  definite  operator  defined  on  ^f. 
Equation  (3.13)  may  be  written  in  the  form 

(4.4)  TX  =  IX 

and  what  we  require  to  solve  (3.13)  for  X  to  use  in  (3.28)  is  a  maximal  eigenvalue 
of  the  operator  T.  We  may  invoke  the  theory  of  such  operators  [9],  and  state 
that  there  exists  a  maximal  positive  X  which  provides  a  nontrivial  solution  to 

(4.4)  (and  hence  (3.13))  and  that  any  matrix  X  which  corresponds  to  the  maxi- 
mal X  in  (4.4)  will  cause 

(4.5)  (TX,  X)  =  tr  [PtXPsX] 

to  be  a  maximum  for  a  given  ||J!f||  =  ||AS||  =  e. 

We  develop  a  method  for  finding  the  required  maximal  X.  It  follows  from 
the  theory  of  operators  such  as  T  [9]  that  any  element  X0  e  3f  can  be  written 
in  the  form 


(4.6) 

X0  = 

a 

Hi 

+ 

a2H2  + 

■  ■■   +  akHk  +  ak+1Hk+l  +   ■■■  +  apHp  +  Q 

where 

THt 

=  XHt,                                            /=  1,2,  •• 

k 

(4.7) 

THt 

TQ 

=  *<-*#€,                                    i  =  k  +  1,  •• 
=  0  ,                all   Hi   are  orthonormal, 

■  P 

and    X>  X^  X2-.  ^  Xp_k  >  0  . 

Here  we  deliberately  single  out  the  subspace  of  eigenelements  associated  with 
the  maximal  eigenvalue  X.  Numerical  experiments  have  shown  that  this  sub- 
space  may  be  multidimensional.  Although  this  does  not  affect  the  validity  of 
the  theory,  it  must  be  provided  for  in  the  derivation.  We  develop  a  slight 
generalization  of  the  power  method  of  von  Mises  [7],  similar  to  a  method  often 
employed  for  matrix  eigenvalue  problems.    Assume  that  X0  is  such  that 

(4.8)  Ef-i«i»*0  in  (4.6) 
and  repeatedly  apply  the  operator  T  to  X0.    For  j  ;>  1  the  result  is 

(4.9)  T'X0  =  I*    (aj/f,  +  a2H2+  ...  +akHk) 

+  (A)'  ak+1Hk+l  +  ...  +  (ifc±y  a,H,    . 

The  Rayleigh  quotient  for  the  operator  T  with  argument  V  e  ^"is: 

(4.10)  R  =  (TV,  V)I(V,  V)  . 

Letting  Rj  be  the  Rayleigh  quotient  for  T  with  argument  TjX0  gives 

(4.11)  Rj  =  (T^X0,  T*XM(TiX0,  T*X0)  . 
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Evaluating  (4.11)  with  the  help  of  (4.9)  and  the  orthonormality  of  the  HL  gives- 
Rj  =  Oj/bj         where 

(4.12)  a,  =  V'+1[ZLi  «'  +  Ef-i'  «1+<(W+1] 
b3  =  ^"[Sti  «<2  +  Ef=i*  «i+i(W]  • 

Since  0  <  2.t  <  /I,  /  =  1,  2,  •  •  •,  (p  —  k),  it  follows  from  (4.12)  and  (4.8)  that: 

(4.13)  liva^Rj  =  X  . 
Furthermore,  the  limit 

(4.14)  x=iim._r^y||m'0|| 

is  an  element  such  that  TX  =  XX.  (See  (4.9).)  In  practical  computations  we 
take  X0  as  a  symmetric  matrix  whose  entries  are  obtained  from  a  random  number 
generator.  We  cease  applying  T  to  X0  as  soon  as  Rj  and  Rj+1  agree  to  the  desired 
precision.  As  a  check,  the  corresponding  element  TjX0/\\TjX0\\  then  approxi- 
mates an  element  X  for  which  the  maximum  in  (3.12)  is  actually  achieved. 
Substituting  X  into  (3.28)  gives  the  desired  bound  on  the  expected  mean-square 
error  in  the  estimate  of  a.  In  summary,  we  have  the  following  approximate 
error  bound,  for  which  (3.12)  is  maximized, 

(4.15)  E[(a  -  a)T(d  -  a)]  g  h2 

where  S  and  S  are  strictly  positive  definite,  and  ||A5||  =  [tr  AS2]*  fg  e. 

Finally,  note  that  any  solution  of  (3.13)  (whether  S  =  /  or  not)  is  orthogonal 
in  f%f  to  AS  as  given  by  either  (3. 16)  or  (3.17).   To  see  this,  calculate  (assuming 

3.13) 

tr  {0A<f>TAS}  =  \  tr  [^A<^T[P2ASP1  +  P^SP,]}  =  0 
and 

tr  {A:SAS}  =  A  tr  {P1§P1  +  P1SPi]  =  0  . 

In  Section  6  we  shall  give  more  details  on  the  numerical  computation  of  X 
and  X.  First,  however,  we  present  an  interesting  special  case  in  which  X  can 
be  calculated  explicitly. 

5.  Regression  errors  caused  by  using  equal-weight  least  squares  instead  of 
Gauss-Markov  estimation  in  the  linear  model.  In  many  applications  of  the  full- 
rank  general  linear  model  it  is  convenient  to  estimate  coefficients  by  simply 
requiring  that  the  equally-weighted  sum  of  the  squares  of  the  residuals  be  a 
minimum.  This  procedure  is  often  used  even  when  the  data  are  correlated  and 
have  unequal  variances,  so  that  the  results  thus  obtained  are  not  optimum. 
However,  the  non-optimum  estimate  obtained  in  this  way  is  entirely  satisfactory 
if  the  resulting  errors  are  sufficiently  small.  In  this  paper  we  apply  the  theory 
already  developed  to  establish  a  remarkably  simple  approximate  upper  bound 
on  such  errors.  So  far  we  have  been  mainly  concerned  with  coefficient  errors, 
i.e.,  errors  in  a.    However,  in  many  applications  it  is  more  meaningful  to  study 
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errors  in  (f>a,  as  these  errors  often  represent  the  error  incurred  when  the  estimate 
is  actually  used.  For  example,  in  the  case  of  polynomial  regression  one  is  usually 
much  more  interested  in  the  quality  of  the  fit  than  in  the  coefficient  errors,  as 
the  latter  are  not  invariant  under  scaling.  In  this  section  errors  in  <fia  will 
be  called  regression  errors,  in  contrast  to  errors  in  a,  which  have  been  called 
coefficient  errors.  The  use  of  unit-weight  least  squares  amounts  to  assuming 
§  =  I.  (The  modification  in  case  £  =  a2 1  is  immediate.)  We  therefore  state  the 
main  result  as  follows. 

Theorem  5.1.  If  S  —  I  and  ||A5||  =  ||S  —  /||  <£  e,  then  the  regression  error 
vector  <f>(a  —  a)  is  such  that 

(5.1)  E{[<P(a  -  &)f[<p{&  -  a)]}  £  r/2  +  0(e3)  . 

Proof.  First  note  that,  in  accordance  with  the  propagation  of  covariances 
and  formula  (2.6), 

(5.2)  E{[</>(a  -  a)]r[<l>{a  -  a)]}  =  tr  fS^* 

=  tr  (j>T S<f>{(j>T 4>)~l  -  tr  ^(^S-^r1  • 

If  A  is  any  nonsingular  p  x  p  matrix  and  one  replaces  <f>  by  (f>A  in  (5.2),  he  finds 
that  the  expected  mean-square  regression  error  (5.2)  is  unchanged.  Since  (</>7'^)_1 
is  strictly  positive  definite,  there  exists  [2]  a  nonsingular/?  x  p  matrix  If  such 
that  (f^)"1  =  WTW.  If  we  put  tp  =  <pWT ,  then  (pT(p  =  I.  However,  if  we 
replace  <f>  by  (p,  so  that  <f>T<p  =  /,  then  coefficient  errors  and  regression  errors 
are  identical.  Therefore  we  may  obtain  the  desired  expected  mean-square  re- 
gression error  from  (2.10)  by  simply  imposing  the  condition  (pT(f)  t=  I.  If  this  is 
done,  (5.2)  then  reduces  to  (2.10),  and  the  coefficient-error  theory  may  be  used 
to  majorize  the  error  as  given  by  (5.2).  Thus  we  assume  <f>T(j)  —  I  and  proceed 
to  solve  (3.13)  for  I.  Multiplying  (3.13)  on  the  left  by  Px  and  on  the  right  by 
P.,,  noting  that  both  Px  and  P2  are  now  idempotent,  gives 

(5.3)  \PxkSP2  =  XP.ASP,. 

According  to  Theorem  3.1,  the  maximal  X  will  occur  when  P^SP^  ^  0  unless 
the  mean-square  error  (5.2)  is  identically  zero  for  all  admissible  AS.  In  the  first 
case,  /?  =  \  and  Theorem  5.1  is  proved.  In  the  second  case,  Theorem  5.1  is 
trivially  true.  Although  it  is  not  needed  for  the  proof,  one  can  construct  an 
example  showing  that  the  second  case  cannot  occur  for  1  ^  p  ^  n  —  1. 

In  the  following  section  we  indicate  the  nature  of  the  numerical  verifications 
that  have  been  obtained. 

6.  Numerical  illustrations.  In  the  numerical  work  reported  here  all 
computations  were  performed  in  double  precision.  Whenever  no  particular 
assumption  is  made  regarding  a  variable  (such  as  <f>,  AS,  etc.),  we  assigned  the 
values  by  the  use  of  a  Gaussian  random-number  generator.  The  resulting  values 
were  rounded  in  the  computer  before  they  were  used  in  such  a  way  that  the 
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values  given  below  are  exactly  those  actually  used  to  at  least  single-precision 
accuracy,  or  to  about  1 1  significant  figures.  It  is  realized  that  the  determination 
of  /  to  an  accuracy  of  two  digits  would  suffice  for  most  applications;  however, 
the  more  accurate  values  are  given  to  show  the  ease  of  obtaining  the  X  to  great 
accuracy  by  the  method  of  Section  4.  The  exactness  of  the  fundamental 
formula  (2.24)  was  verified  numerically  by  many  computations. 

Example  1.    (See  1.1.)  n  =  4,  p  =  3,  e  =  .01,  S  =  /, 


(6.1) 


<!>  = 


.008  .845  -.362 

.388  .903  -.796 

-.286  -.520  -.691 

-.373  -1.387  -.157 


Three  random  choices  of  X0  were  chosen  and  /  was  computed  by  the  method 
of  Section  4  as 

(6.2)  X  =  6.26055201920083  . 

This  exact  value  was  obtained  after  13  to  14  iterations  from  each  of  the  three 
randomly-chosen  X0.  In  this  particular  case  the  eigenspace  associated  with  X 
appears  to  be  one-dimensional,  i.e.,  k  =  1  in  (4.6).  The  normalized  eigenmatrix 
obtained  was 


(6.3) 


X  = 


.50630972 
-.12855536 
-.18828182 

.27563970 


-.12855536 

-.13497855 

.28344970 

-.27880171 


-.18828182 
.28344970 

-.26125714 
.19105482 


.27563970" 
-.27880171 

.19105482 
-.11007403 


Either  this  matrix  or  its  negative  was  obtained  exact  to  the  number  of  decimals 
''given  for  all  three  random  choices  of  X0.    The  corresponding  error  bound  (4. 15) 
or  (3.28)  is: 


(6.4) 


E[(a  -  d)T(a  -  a)}  ^  £2/i  =  6.26-  •  •  x  10"4  . 


Note  that  for  other  small  assumed  values  of  e  we  need  only  multiply  X  by  e2. 
Thus  for  £  =  .1  we  have  a  bound  of  6.26-  •  •  x  10~2  corresponding  to  (6.4). 
A  random  sample  of  five  symmetric  error  matrices  AS  for  which  ||AS||  =  .01 
was  taken  and  the  actual  expected  mean-square  error  for  each  was  calculated 
by  (2. 10)  and  (2.24).  The  maximum  actual  expected  mean-square  error  achieved 
by  any  AS  was  about  15  %  of  the  bound  (6.4).  It  will  be  noticed  throughout 
the  numerical  examples  that  the  chances  of  obtaining  a  matrix  AS  which  ap- 
proximates the  bound  are  not  great.  This  is  apparently  related  to  the  extensive 
nature  of  the  space  for  which  the  increase  in  expected  mean-square  error  is  zero. 
(See  (3.22),  for  instance.)  The  bound  of  (6.4)  was  actually  achieved  by  e2X, 
where  X  is  given  by  (6.3). 

Example  2.    n  =  11,  p  =  4,  e  =  .01,  S  =  /.    The  matrix  ^'is  not  reproduced 
here,    but   was   obtained    from   the   random-number   generator.     With  three 
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randomly-chosen  starting  elements  X0,  the  maximal  eigenvalue  X  was  obtained 
to  an  accuracy  of  at  least  15  significant  figures  after  58  to  66  iterations.  The  X 
obtained  was  different  in  each  case,  indicating  it  >  1  in  (4.6).  One  of  the  A"s 
was  substituted  into  (2.10)  and  (2.24)  to  verify  that  the  maximum,  h1,  was 
actually  achieved.  In  a  random  sample  of  30  symmetric  matrices  AS  for  which 
1 1  AS] |  =  .01,  it  was  found  that  the  largest  actual  expected  mean-square  error 
was  about  35  %  of  the  bound. 

Cases  were  computed  in  which  §  =£  /  was  determined  by  calculating  A1' A, 
where  A  is  a  randomly-chosen  triangular  matrix.  In  many  of  these  cases  it  was 
seen  that  calculating  the  bound  s,2X  gave  a  value  that  was  within  a  couple  of 
percent  of  the  expected  mean-square  error  obtained  when  X  was  substituted 
into  (2.24).  This  indicated  that  a  reasonable  bound  could  probably  be  obtained 
by  dropping  3rd  and  higher  degree  terms  in  AS  from  (2.24). 

As  a  check  of  the  results  of  Section  5,  a  sample  of  200  symmetric  matrices  AS 
was  obtained  by  using  the  random-number  generator.  The  resulting  matrices 
were  normalized  to  have  ||AS||  =  10~3  and  ||AS||  =  10~2  for  each  AS.  The  basis 
(ft  was  chosen  from  a  table  of  orthogonal  polynomials  such  that  <ftT<ft  =  /,  p  —  3, 
n  =  11,  and  (5.2)  was  computed  for  each  AS  (both  normalizations).  The  largest 
actual  relative  mean-square  regression  error  (5.2)  was  70.4  %  of  ||AS||2/2. 

7.  Summary.  A  rational  procedure  has  been  developed  for  finding  an 
approximate  bound  on  the  expected  mean-square  error  caused  by  using  an  in- 
correct covariance  matrix  to  estimate  the  coefficient  vector  in  the  general  linear 
model.  A  new  expression  (Theorem  2.1)  for  this  mean-square  error  was  derived. 
The  matrices  P1  and  Ps  ((2.12)  and  (2.16),  respectively)  were  defined,  and  it 
was  found  that  their  properties  greatly  aided  in  the  derivation.  The  method  of 
Lagrange  was  employed  to  maximize  the  expected  mean-square  error  under  the 
constraints  that  ||  AS||  =  £  and  that  AS  was  symmetric.  A  necessary  and  sufficient 
condition  that  E[(a  —  a)T(a  —  a)]  —  0  was  derived  (Theorem  3.1).  A  second- 
degree  approximation  to  the  nonlinear  expected  mean-square  error  was  intro- 
duced. In  Section  4  a  method  was  derived  to  solve  for  the  required  eigenvalue 
for  the  approximation;  it  was  found  that  the  theory  of  self-adjoint,  nonnegative 
definite,  compact  operators  played  an  essential  role  in  the  derivation,  which 
involved  the  (finite-dimensional)  Hilbert  space  whose  elements  are  symmetric 
matrices.  In  Section  5  we  derived  a  simple  approximate  upper  bound  for  the 
expected  mean-square  regression  error  caused  by  wrongly  using  unit-weight 
least  squares;  it  was  possible  to  obtain  the  explicit  solution  X  =  £  in  this  case. 
In  Section  6  numerical  results  were  presented  to  illustrate  the  practical  compu- 
tation of  the  error  bounds. 
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THEORY  AND  METHODS  RELATED  TO  THE  SINGULAR-FUNCTION 

EXPANSION  AND  LANDWEBERS  ITERATION  FOR  INTEGRAL 

EQUATIONS  OF  THE  FIRST  KINDt 

OTTO  NEALL  STRAND* 

Abstract.  For  the  Fredholm  integral  equation  of  the  first  kind,  written  notationally  as  Kf  =  g, 
g  6  L2  [0,  1],  we  study  the  behavior  of  the  iteration 

fk  =/,_,  +DK*[g-Kfk.1),  fc-1,2,.--, 

both  with  respect  to  its  convergence  properties  and  its  response  to  singular  functions  of  K.  Here  K* 
is  the  adjoint  of  K,  f0  is  a  suitable  starting  function  and  D  is  a  fixed  linear' operator  to  be  chosen.  The 
general  theory  of  singular  functions  is  interpreted  and  extended  for  the  study  of  the  iteration,  and  a 
quantitative  method  of  choosing  D  to  shape  the  response  to  singular  functions  of  K  is  derived.  Several 
specific  matrix  and  integral-equation  examples  are  presented. 

1.  Introduction.  In  1951  Landweber  [12]  proposed  an  iterative  method  for 
solving  the  integral  equation  of  the  first  kind  : 


r 

Jo 


(1)  K{x,y)f(y)dy  =  g{x),  O^.v^l, 

Jo 

where  K(x,y)  is  an  L2-kernel  and  ge  L2[0,  1].  If  we  write  (1)  in  the  abbreviated 
operator  form 

(2)  Kf  =  g 

where  the  operator  K  is  defined  by  the  left-hand  side  of  (l),1  then  Landweber's 
iteration  takes  the  form 

(3)  A=A_1+K*(g-K/I_,h  k=.l,2,..-. 

Here  K*  is  the  adjoint  operator  to  K  (defined  in  §  2)  and  f0  is  a  suitable  starting 
function.  Landweber  showed  that  the  sequence  {.At}fc°=i  had  limiting  properties 
similar  to  those  of  the  sequence  generated  by  truncating  the  singular-series  ex- 
pansion. Because  of  the  prevalence  of  the  integral  equation  of  the  first  kind  in 
physical  applications  (see,  for  example,  [5],  [20]  and  [31],  there  has  been  much 
recent  interest  in  methods  similar  to  Landweber's.  Most  recent  work  is  of  two 
types:  theoretical  [2],  [6],  [9],  [11]  and  [14],  in  which  methods  closely  related  to 
(3)  are  examined  with  respect  to  their  behavior  as  k  -*  oo  when  the  solution  to 
(2)  exists,  and  empirical  [3],  [7]  and  [21],  in  which  generalizations  to  (3)  are  made 
and,  although  the  convergence  properties  are  not  studied,  convincing  empirical 
evidence  is  given  that  the  methods  are  successful  in  practice.  The  theoretical 
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methods  are  not  adequate  in  themselves  for  the  practical  inversion  problem,  as 
they  do  not  treat  the  usual  case  in  which  g  (in  (2))  is  a  measured  function  with 
error.  In  the  present  paper  we  derive  both  the  convergence  properties  and  the 
response  with  respect  to  singular  functions  of  K  after  a  finite  number  of  steps 
for  the  iteration 

(4)  /*=/*-!  +DK*{g-Kfk.l),  k  =  1,2,---, 

where  D  is  a  linear  operator  to  be  specified  below.  The  generalization  (4)  was 
suggested  by  recent  successful  empirical  methods  published  by  Smith  [21], 
Fleming  and  Smith  [7],  and  Conrath  and  Revah  [3],  although  the  present  method 
actually  differs  from  these  in  the  choice  of  D.  One  main  purpose  of  the  current 
paper  is  to  study  (4)  with  respect  to  its  response  to  singular  functions  of  the 
operator  K  after  a  finite  number  k  of  iterations  and  to  show  how  to  construct  D 
and  choose  k  to  provide  a  desired  response. 

Before  describing  the  proposed  method  and  new  theory  related  to  it,  we 
first  summarize  and  interpret  the  classical  theory  of  singular-function  expansions 
as  related  to  integral  equations  of  the  first  kind.  Such  expansions  have  been  used 
in  the  matrix-approximation  case  by  Baker  et  al.  [1],  and  more  recently  by 
Hanson  [10],  among  others.  In  the  present  paper  we  interpret  and  extend  the 
theory  of  singular-function  expansions  as  required  (§2),  apply  this  theory  to 
equation  (4)  (§3),  show  how  to  shape  the  "response"  curve  (§4),  and  finally 
present  illustrative  results  (§  5). 

2.  Singular  functions  and  integral  equations  of  the  first  kind.  We  consider  the 
Fredholm  integral  equation  of  the  first  kind  as  given  in  (1),  or  in  abbreviated 
form  as  (2).  All  the  developments  to  be  presented  will  hold  for  compact  operators 
K  and  elements  g  of  a  real  separable  Hilbert  space  (for  this  more  general  treat- 
ment, see  Strand  [23]).  Fk»»vever,  our  arguments  here  are  confined  to  the  integral 
^operator  defined  above,  although  the  corresponding  matrix  results  are  freely 
used. 

We  define  the  adjoint  operator  K*  by 

(5)  K*g=  f  K{x,y)g(x)dx,  geL2[0,i]. 

Jo 

With  the  usual  L2  inner  product,  if/e  L2[0, 1],  then 

<X/,g>  =   f     f    K(x,y)f(y)g(x)dydx 

Jo  Jo 

=  f  f(y)dy  f   K(x,y)g(x)dx  =  </,X*g>. 

Jo  Jo 


(6) 


In  the  case  of  a  real  matrix  operator  A,  we  define  A*  =  AT  =  the  transpose  of  A  ; 
an  equation  analogous  to  (6)  is  then  satisfied. 
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In  the  practical  problem  to  be  considered,  (1)  is  used  to  infer  f(y)  from 
measurements  made  of  g{x).  This  so-called  inversion  problem  is  ill-posed,  and 
several  methods  have  been  proposed  to  replace  (1)  by  a  well-posed  problem  [8], 
[15],  [19],  [24],  [25],  [27]  and  [30].  The  successful  methods  all  have  one  feature 
in  common :  either  explicitly  or  implicitly  they  incorporate  desired  properties  of 
/in  addition  to  its  ability  to  satisfy  (1).  For  example,  the  method  may  force  /to 
be  smooth,  or  it  may  impose  conditions  such  as  boundedness,  having  a  known 
statistical  distribution,  or  being  a  linear  combination  of  certain  well-chosen 
functions.  When  no  conditions  are  stated  other  than  (1),  and  g(.v)  is  obtained  by 
measurement  with  error,  there  is  always  ambiguity  in  the  /  to  be  found;  that  is, 
there  are  many  functions  /  which  satisfy  (1)  to  within  measurement  error.  For 
example,  the  ambiguity  asserts  itself  in  the  Phillips  Twomey-Tikhonov  method, 
[15],  [27]  and  [25],  by  the  presence  of  a  smoothing  parameter  to  which  a  value 
must  be  arbitrarily  assigned.  In  the  present  case  it  will  be  seen  that  the  ambiguity 
is  in  the  choice  of  the  "correct"  number  of  singular  functions  to  be  used  in  the 
expansion.  The  criterion  to  be  used  in  this  paper  is  as  follows:  when  /  is  approxi- 
mated by  a  linear  combination  of  the  first  N  singular  functions  (defined  below), 
the  approximation  will  be  considered  to  provide  desirable  smoothing  when  N  is 
chosen  as  the  smallest  value  consistent  with  \\Kf  —  g\\  being  comparable  in  size 
to  measurement  error.  This  is  the  condition  used  by  Hanson  [10]  and  Baker 
etal.  [1]. 

The  definitions,  concepts  and  proofs  of  classical  theorems  summarized  here 
may  be  found  in  an  excellent  book  by  Smithies  [22,  Chap.  8].  We  present  proofs 
only  where  they  are  needed.  For  a  compact  operator  K,  a  singular  system 
(/(„,(„;/;„)  is  defined  as  follows:  (t/„: /<;;),  n  =  1,2,  •••  ,  is  a  characteristic  system 
of  KK*  and  (r„ ;  //2)  is  a  characteristic  system  of  K*K.  Thus 

^KX  =  «„,  n=l,2,..-, 

rfK*Kvn  =  vH,  n=l,2,-.., 

where  we  suppose  without  loss  of  generality  that  0  <  /*,  ^  /<2  =  ■  ■  ■  •  The  /<„'s 
are  called  singular  values  and  the  u„'s  and  rn's  are  called  singular  functions  of  K. 
For  convenience  we  also  define 

(8)  /„=l//'„2,  n=l,2,--: 

then 

/.,  ^  k2  ^  ••■  >  0. 

The  terminology  high  order  harmonics  will  be  used  to  describe  singular 
functions  un  (or  vn)  associated  with  large  singular  values  j.in.  The  functions  ;/„  are 
related  to  the  corresponding  rn  by  the  formulas:2 

u„  =  H„Kv„,  n  =  1,2,  ■•■  , 

r.  =  H„K*un.  n  =  1,2,  ■••  . 


2  The  reader  who  is  accustomed  to  matrices  should  note  the  reciprocal  nature  of  the  /j„  defined 
here,  and  that  the  /.„  are  conventional  eigenvalues  of  KK*  or  K*K. 
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As  usual,  we  assume  that  {u„}  and  {v„}  are  orthonormal  sets.  It  is  known  [18, 
Chap.  6]  that  there  are  only  two  possibilities:  either  a„  -»  x  as  n  -*  x  or  there 
are  only  finitely  many  u„  and  v„. 

The  fundamental  theorem  concerning  the  existence  of  an  L2-solution  to  (1) 
was  first  proved  by  Picard  [16]  over  60  years  ago.  We  state  it  as  the  following 
theorem. 

Theorem  1.  Let  {un,  vn;n„)  be  a  singular  system  for  the  operator  K  and  let 
ge  L2.  Then  the  equation  (2)  Kf  =  g  has  an  L2-solution  if  and  only  if 

X 

(a)  I  a2|<g,u„>l2  <  x 

n=  1 

and 

(b)  whenever  u  is  such  that  K*u  —  0,  then  <g,  u>  =  0. 
Under  these  conditions  a  solution  f  can  be  written  as3 

do)  jis/*' 

where 

N 

(ID  fit  =     I     <g*Mn>/V"n- 

n=  1 

Theorem  2.  //  c  e  L2 ,  r/ifn  Kv  =  0  //and  on/y  if  (v,  vS)  =  0  /or  a// «.  Similarly 
if  ue  L2,  then  K*u  =  0  //"and  on/v  if  (u,  u„>  =  0,/br  all  n. 
(This  is  Smithies'  Theorem  8.3.1,  [22,  p.  145].) 
Theorem  3.  If  v  e  L2  and  g  =  Ki\  then 

(12)  g=   f   <g,"„X  =   f  ^-un. 

n=  \  n=  1         H-n 

Similarly,  if  u  e  L2  and  f  =  K*u,  then 


(13)  /=  X  </,rX=   I 


(This  is  Smithies'  Theorem  8.3.2,  [22,  p.  145].) 

The  range  of  the  operator  K  will  be  denoted  by  R{K):  similarly,  the  range 
of  K*  is  denoted  by  R(K*).  The  following  corollaries  to  Theorem  1  easily  follow. 

Corollary  1.1.  Suppose  //„  -»  x  as  n-»  x.  Ler  ge/?(.K)  and  e  >  0  fee 
arbitrary.  Then  there  exists  a  function  g  e  L,  suc/i  rnaf : 

g  satisfies  condition  (b)  of  Theorem  1  and 

lie  -  e'll  <  £• 


3  The  manner  of  convergence  in  (10)  can  be  stated  in  slightly  stronger  form,  but  such  a  version 
is  not  needed  here.  All  subsequent  infinite  series  of  elements  of  L,  are  to  be  interpreted  as  limits  in  the 
mean.  For  convenience,  we  write  all  sums  over  the  singular  functions  as  infinite  series.  Proper  inter- 
pretation should  be  made  if  the  spectrum  is  finite 
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Proof.  Let  [a„jnx=I  be  a  sequence  of  real  numbers  such  that  X^=  1  la«l2  <  fi2' 
but  Y,n=  j  lllal  diverges.  Because  /<„  ->  oo  by  hypothesis,  such  a  sequence  can  al- 
ways be  constructed.  By  the  Riesz-Fischer  theorem  there  exists  an  L, -function 
g"  defined  by  g"  =  £*=  j  a„un.  Put  g  =  g  +  g".  Since  g"  does  not  satisfy  con- 
dition (a)  of  Theorem  1,  neither  does  g .  Now  suppose  ue  L2  such  that  K*u  =  0. 
Then  (u,  u„>  =  0  for  all  n  and 

JV 

(14)  <g',u>  =  <g,»>  +   lim    X  «„<"»,">• 

N-co  „  =  [ 

Since  <g,  u)  =  0  by  hypothesis,  it  follows  from  (14)  that  <g',  »>  =  0  in  accordance 
with  condition  (b)  of  Theorem  1.  Finally,  by  Parseval's  equation, 

llg-g'll2=   Z  \af  <e2. 

n=l 

We  define  U  as  the  space  spanned  by  {«„},  i.e.,  the  set  consisting  of  all  linear 
combinations  of  the  form  £^L  i  °W  together  with  all  mean-square  limits  of  such 
combinations.  In  an  analogous  manner  we  define  Fas  the  space  spanned  by  {vn}\ 
It  follows  from  (12)  and  (13)  that 

(15)  R(K)  c  U     and     /?(£*)  c  F. 
Note  that  any  element  h  e  L2  can  be  uniquely  decomposed  as 

(16)  R  =  h  +  hL, 
where  h  e  (7,  /j1  e  U1  and  we  define 

L/1  =  {peL2Kp,u„)  =  0  for  all  r}. 

The  element  /?  is  called  the  projection  of  /j  onto  [/,  We  shall  sometimes  write 
Pvh  to  denote  /;.  The  only  element  common  to  U  and  Ul  is  the  zero  element. 
(To  see  this  note  that  any  element  ue  U  has  the  form  u  =  ^L  t  («>  (<n>('«-  but  if 
ue  L'1,  then  all  <«,  un)  =  0.)  In  an  analogous  manner  we  define  F  and  Pvh  for 
heL2.  The  decomposition  used  here  is  similar  to  that  employed  by  Kammerer 
andNashed  [11]. 

We  present  one  more  easy  corollary  to  Theorem  1. 

Corollary  1.2.  If  fi„  -»  oo  as  n  ->  oo,  then  R(K)  is  not  closed. 

Proof.  The  sequence  {fN}^=1,  where  tN  =  Xn  =  i  anun*  an  as  'n  Corollary  1.1, 
has  no  limit  in  R(K),  although  {f^j^=Ljs_a  Cauchy  sequence  in  L2  and  in  fact 
has  a  limit  in  U.  It  can  be  shown  that  R(K)  =  U  and  K(K*)  =  F  The  following 
theorem  is  essential  to  an  understanding  of  the  convergence  properties  of  the 
iteration  (4). 

Theorem  4.  Consider  the  equation 

( 17)  K*Kf  =  K*g ,     where  geL2. 

Let  g  be  projected  onto  Uasg  =  g  +  g1,geU,g~le  U1.  Then : 

(a)  Equation  (17)  is  consistent  in  L2  if  and  only  if  g  =  Pvge  R(K). 

(b)  The  set  of  solutions  of  (17)  does  not  depend  on  g1. 

(c)  Any  two  solutions  of  (17)  differ  by  an  element  of  F1. 
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(d)  If  f  is  a  solution  of  (17),  then  so  is  f  +  f1,  where  f  is  an  arbitrary  element 
ofV1. 

(e)  If  (17)  is  consistent,  then  there  is  a  unique  solution  f  such  that  f  e  V. 
Proof,  (a)  If  geR(K),  then  /  exists  such  that  Kf  =  g  and  K*Kf  =  K*g 

=  K*(g  +  g1)  =  K*g  by  Theorem  2.  Conversely,  suppose  (17)  has  an  L2-solution 
/.  Then  K*Kf  -  K*g  =  K*g  and  K*(Kf  -  g)  =  0.  According  to  Theorem  2 
this  implies  Kf  —  ge  UL.  Since  KfeR(K)  c  U  and  ge  U  by  the  projection,  it 
follows  that  Kf  —  g  e  U.  Since  K/  —  g  is  an  element  of  both  U  and  I/-1,  it  follows 
that  Kf  =  g. 

(b)  This  follows  from  the  fact  that  K*(g  +  g1)  =  K*g  for  any  g±e  I/1. 

(c)  Let  /j  and  f2  be  solutions  of  (17).  Then,  by  subtraction,  K*K(f\  —  f2)  =  0 
and  for  n  =  1,  2,  ■  ■  •  we  have 

</i  -/2,0  =  /'n2</.  ~fi,K*Kvny  =  ^<K*K(j\  -/2),r„>  =  ^<0,y„>  =  0. 

(d)  By  Theorem  2,  K*K{f  +  fx)  =  K*Kf  =  g. 

(e)  Let  /,  g  V  and  f2  e  V  be  solutions  of  (17).  Then  /,  —  f2  is  an  element  of 
both  Land  V1  by  (c)  and  consequently /,  =  /2, 

According  to  this  theorem,  if  geR{K),  then  every  solution  /  of  (17)  has  the 
form 

(18)  f  =  f  +  f\ 

where  /  is  a  fixed  element  of  V  (which  depends  on  g),  and  f1  is  an  arbitrary 
element  of  V1.  It  follows  from  (18)  that 

(19)  H/ll2  =  Iff  +  I!/1!!2  ^  ll/ll2     for  all /satisfying  (17). 

Because  of  this,  /  (which  is  aiso  the  Picard  sum  (10))  is  called  the  least  squares 
solution  of  minimum  norm  for  Kf  —  g.  It  will  presently  be  seen  that  Landweber's 
iteration  converges  to  /  if  Pvg  e  R(K)  and  the  starting  function  f0  is  an  element 
of  V.  The  convergence  of  certain  other  iterative  processes  to  /  has  recently  been 
studied  (in  greater  generality  than  is  done  here)  by  Kammerer  and  Nashed  [11]. 
We  now  consider  the  case  in  which  the  right-hand  side  of  (2)  is  a  measured 
function  with  error.  In  practice,  measurements  are  taken  for  only  a  finite  number 
of  x-values;  however,  in  the  arguments  presented  here  we  consider  measurements 
for  a  continuum  of  x-values,4  and  define  the  error  function  as  e(x).  It  is  assumed 
that  the  physical  (or  other)  process  being  described  by  (2)  has  been  correctly 
formulated,  so  that  the  equation  has  a  solution  in  the  absence  of  error.  Note  that 
the  results  of  any  simplifying  assumptions  inherent  in  the  derivation  of  (2)  from 
physical  reasoning  can  be  lumped  into  e(x)  along  with  the  other  errors.  Thus, 
we  are  confronted  with  the  equation 

(20)  Kf=g  +  e, 


4  In  the  examples  we  also  consider  a  matrix  case  with  a  finite  number  of  .x-values.  For  the  general 
case  of  compact  operators  and  (finite-  or  infinite-dimensional)  Hilbert  spaces,  see  Strand  [23] 
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where  g  e  R{K)  and  e  is  an  error  function.  In  view  of  Corollary  1.1,  it  is  not  reason- 
able to  expect  g  +  e  to  satisfy  the  conditions  of  Theorem  1.  Furthermore,  g  and  e 
can  never  be  separated  from  each  other.  Therefore,  the  problem  we  are  given  nor- 
mally has  no  solution  at  the  outset;  however,  we  can  still  make  an  estimate  of  the 
solution  of  Kf  =  g,  and  the  quality  of  this  estimate  would  be  expected  to  depend 
on  the  size  of  the  error  function,  £.  Such  an  estimate  can  be  made  by  simply  taking 
fN  (equation  (11))  as  the  estimator.  This  is  the  estimate  used  by  Hanson  [10]  and 
Baker  et  al.  [1].  The  estimator  fN  will  be  called  the  truncated  Picard  series  or  the 
expansion  in  terms  of  the  first  N  harmonics.  Note  that  it  is  inherent  in  the  measure- 
ment process  that 

00 

(21)  Nl2^  lig  +  ell2-   I  \<g  +  >-,un)\2. 

n=  1 

This  follows  from  (15),  as  any  component  of  g  +  e  orthogonal  to  U  is  necessarily 
pure  error.  A  good  estimation  process  should  remove  the  effect  of  such  components 
of  error. 

To  facilitate  the  discussion,  let 

UN  =  algebraic  span  of  ult u2,  ■  •  ■  ,  uN  =  asp  {«,,-••,  uN} , 

VN  =  asp  1^,  •■•  ,  vN}, 

from  which  (see  (9)  and  (15)) 

(23)  UN  c  R(K)  a  U     and     VN  a  R(K*)  c  V. 
Further  define 

N 

(24)  gN  =   X   <g."n>"»     for  geL2. 

n=  1 

Then  from  (9)  and  (11) 

(25)  KfN  =  gN. 

Consider  the  truncated  Picard-series  approximation  to  the  solution  /  of 
( 1 7)  as  defined  in  Theorem  4  : 

N  N 

n  =  1  n  =  1 

If/ is  the  full  Picard-series  solution  of  Kf  =  g,  then 

x  N 

J  ~  fN    =         Z         (g'O/V'fl-     Z     <':<'0/Vn- 
ii  =  N  +  1  «=1 

From  this,  we  obtain 

(26)  Wf-.U2  =  Z  IOmOI2/'2  +     Z    Kg>OlVB2- 

n= 1  n=N+ 1 

Since  0  <  //,  ^  \x2  ^  •  •  •  ,  we  have 

(27)  Z  K^»n>l2/'n  ^  a4-  I  Ke.OI2  ^  /4li'--;l2- 
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Note  that  equality  can  be  achieved  in  (27)  if  e  is  a  multiple  of  uN.  From  (26)  and 
(27)  we  therefore  obtain  the  following  (sharp)  error  bound: 


(28)  \\f-fN\\^ 


- 

00 

' 

/4 

|e| 

2 

+ 

£ 

Kg, 

"„>l2<"2 

__ 

n 

=  N+1 

_ 

1/2 


This  error  estimate  can  never  be  computed  without  more  information  about  the 
unknown  function /as  the  true  right-hand  side  g  cannot  be  found  in  the  presence 
of  error.  However,  in  the  commonly-occurring  case  where  the  spectrum  is  in- 
finite, (28)  does  give  a  qualitative  picture  of  the  behavior  of  the  error  in  estimating 
fasNis  increased.  For  small  N  the  remainder  series 

i  i<g,«orv»2 

n  =  N+  1 

predominates.  As  N  is  increased,  this  series  decreases,  but  even  a  moderate  com- 
ponent of  e  in  the  "direction"  of  uN  is  magnified  by  larger  and  larger  factors 
Hn,  so  that  the  norm  ||/  —  fN\\  finally  becomes  unacceptably  large.  If  the  spectrum 
is  not  infinite  but  is  such  that  some  of  the  nN  are  large,  similar  considerations 
apply.  Inequality  (28)  also  illustrates  the  indeterminate  nature  of  the  integral 
equation  of  the  first  kind.  This  ambiguity  is  not  caused  by  the  method  of  solution, 
but  is  inherent  in  the  original  equation  (20).  As  was  mentioned  earlier,  other 
methods  are  confronted  with  a  similar  ambiguity.  Finally,  note  that  if  Pv(g  +  e) 
is  not  an  element  of  R{K),  then  condition  (a)  of  Pica'rd's  theorem  cannot  be 
satisfied  by  Pv(g  +  e)  so  that  \\fN\\  -*  oo  as  N  -*  oo.  In  the  present  case,  the  cut- 
off level 

(29)  fx2N  =  1/a, 

say,  must  be  assigned  before  the  solution  becomes  well-defined.  In  the  absence 
of  a  priori  knowledge  about  /,  one  of  the  following  three  procedures  for  deter- 
mining N  might  be  reasonable,  but  must  be  used  with  caution.  We  assume  in  I 
and  III  below  that  ||e||  is  approximately  known. 

I.  Increase  N  until  the  residual  function  RN  =  (g  +  e)N  —  (g  +  e)  barely 
satisfies 

(30)  \\RJ  £  ||e||. 

Some  idea  of  the  error  in  estimating/ is  then  obtained  by  setting  the  remainder 
series  to  zero  to  get  (roughly): 

(31)  Wf-fJ  ^n-NI. 

II.  Take  N  as  the  smallest  integer  such  that  RN  appears  to  be  a  random 
function.  One  may  then  assign  to  ||e||  a  value  equal  to  twice  the  root-mean-.  ;uare 
value  of  RN ,  and  estimate  the  error  by  (3 1 ) . 

III.  Determine  beforehand  the  largest  error  A/ that  can  be  tolerated.  Then 
assume  the  remainder  series  in  (28)  is  negligible,  so  that  N  is  determined  approxi- 
mately from 

(32)  /4=  ||A/||2/l|e||2. 

A  procedure  similar  to  this  has  also  been  proposed  by  Twomey  [29]. 
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None  of  the  three  procedures  described  above  is  entirely  satisfactory;  they 
all  suffer  from  the  same  shortcoming:  the  assumption  that  the  remainder  series  is 
negligible.  Cases  can  arise  in  which,  for  increasing  N,  the  remainder  series  is  still 
large  when  the  possible  value  of  nf,  ■  \\eN\\2  has  increased  to  an  unacceptable  value. 
Although  procedure  III  attempts  to  make  the  remainder  series  as  small  as  possible 
consistent  with  an  acceptable  error  in/,  it  is  clear  that  it  will  not  always  succeed. 
Procedure  I  can  fail  because,  due  to  the  increasing  nature  of  the  /i„,  it  is  easily 
possible  for  RN  to  satisfy  (30)  even  though  the  remainder  series  is  large.  Procedure 
II  has  essentially  the  same  limitation.  Some  sort  of  asymptotic  estimate  of  the 
terms  in  the  remainder  series,  or  some  a  priori  knowledge  of  the  harmonic  structure 
of  the  correct  solution,  would,  or  course,  improve  the  situation  greatly.  Finding 
the  proper  cutoff  level  (29)  is  essentially  a  problem  in  filtering  which  must  be 
faced  if  optimum  or  near-optimum  results  are  to  be  obtained.  We  assume  in  the 
next  section  that  a  cutoff  level  has  been  determined,  so  that  N  is  to  be  chosen 
from  an  equation  of  the  form  (29),  where  a  is  known.  We  also  assume  that  the 
equation  Kf  =  g  has  been  normalized  so  that  0  <  1//a2  =  Xx  S  1-  This  inequality 
can  always  be  guaranteed  in  the  integral-equation  case  after  dividing  both  sides 
of(l)by 


(33) 


Jo    ->0 


y)  dx  dy 


1/2 


and  in  the  matrix  case  after  dividing  by  [trace  ATA]112.  For  purposes  of  study 
(§  3),  we  often  normalize  K(x,  y)  such  that  Al  =  I. 

3.  The  generalized  Landweber  iteration.  Let  /oeL2[0,  1]  and  consider  the 
iteration 

(4)  /*=/*-!  +DK*{g-Kfk.1),  A-  =  1,2,  •••  , 

where  D  is  an  operator  to  be  specified.  In  this  section  and  the  following  section 
we  prove  the  general  convergence  properties  of  the  iteration  (4)  and  study  its 
behavior  as  applied  to  singular  functions  for  various  values  of  the  fiN  and  a  certain 
restricted  class  of  operators  D.  A  systematic  procedure  is  then  developed  to 
choose  the  operator  D  to  approximate  a  cutoff  of  harmonics  in  accordance  with 
(29).  The  study  of  the  resulting  "response"  to  various  harmonics  is  analogous  to 
the  study  of  frequency  response  in  ordinary  Fourier  analysis.  An  advantage  of 
using  a  "shaped"  iteration  process  is  that  it  provides  a  specified  singular-function 
expansion  without  the  necessity  of  obtaining  the  singular  functions  u„  and  v„.  The 
analysis  also  provides  a  new  quantitative  method  of  studying  the  effects  of  iterative 
procedures,  and  a  method  of  designing  the  response  (after  a  specified  finite  number 
of  iterations)  to  achieve  a  desired  effect. 

We  begin  by  restricting  the  class  of  operators  D.  First  note  from  (4)  that  D 
needs  to  be  defined  only  on  the  set  of  elements  of  the  form  K*u,  ueL2.  Since 
R{K*)  c  F(see  (23))  and  since  {v„}  is  an  orthonormal  basis  for  V,  the  definition 
of  D  is  complete  if  the  image  under  D  of  each  singular  function  v„  is  specified. 
Sufficient  generality  for  the  purposes  of  this  paper  is  achieved  by  letting 

(34)  Dvn  =  p„v„,  n  =  1,2,  ■■•  , 
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where  we  assume  that  0  <  pnkn  <  2  for  all  n  and  that  the  sequence  {p„}"=i  is 
bounded.  In  practice  (§4)  we  shall  let  D  =  F(K*K),  where  F(A)  is  a  rational  fraction 
and  0  <  AF(A)  <  2  for  all  X  ^  /.j .  Clearly  this  choice  will  satisfy  (34).  It  can  be 
seen  that  the  operator  D  defined  by  (34)  maps  V  into  V;  that  is,  if  v  =  £^=  l  a„y„, 
then 

(35)  Dv=   f  aHpHvneV, 

n=  1 

because  the  boundedness  of  the  pn  implies  £nx=  ,  ilpl  <  oo. 

Before  studying  the  response  we  first  derive  the  fcth  iterate  of  (4)  and  prove 
some  general  convergence  theorems.  Following  Landweber's  general  approach 

[12],  let 

(36)  yfc  =  A-/k-l5  fc  =  l,2,---. 
Then 

(37)  fk=fo+   Z)V 


i 


By  (4), 


From  this, 


y*  -  ?*-i  =  -DK*Kyk^ 


yk  =  (/-D/C*/C)yk_1, 
and  consequently, 
(38)  yfc  =  (I-DK*.K),£~1y1,  A  =  1,2,-. 

Summing  (38)  as  a  geometric  progression  in  accordance  with  (37)  gives 

/.=/.+{^fg}^fe-K/o), 

where  the  operator  in  braces  in  (39)  represents  that  polynomial  in  DK*  K  obtained 
by  canceling  DK*K  from  the  numerator  and  denominator.  We  are  now  prepared 
to  state  and  prove  the  main  theorems  concerning  the  convergence  of  (4).  They 
may  be  summarized  by  the  statement  that  fk  converges  as  k  -»  oo  if  and  only  if 
the  projection  of  g  onto  U  is  in  R(K).  U fk  does  not  converge,  then  ||/J  -►  oo  as 
k  -*  oo. 

Theorem  5.  Let  the  operator  D  be  defined  as  in  (34)  with  0  <  Xnpn  <  2  for  all 
n,  and  suppose  that  the  sequence  {p„}  is  bounded.  Let  g  =  P^g  +  g1  =  g  +  g1, 
geU,  g1  e  U1,  where  we  assume  geR(K).  Let  f0  be  any  element  of  L2,  where 
/o  =  Pvfo  +fX=f  +  f\fe  Kf1  e  V\  Then 

(40)  lim  fk=f  +  f\ 

<c-»oo 

where  f  is  the  least-squares  solution  of  minimum  norm  for  Kf  =  g. 
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Proof.  According  to  (39), 


(41) 


fk=fL  + 


DK*K 


f  +  \'-"-™'KfV>K1*-W 


DK*K 

Since  the  bracketed  quantity  in  (41)  is  exactly  the  result  of  applying  k  iterations 
to  fe  V  with  a  right-hand  side  g  e  K(K)  c  (7,  we  need  only  show  that 

whenever  fQ  e  K  and  ge/?(K).  Under  these  assumptions,  we  have  X/=  g  and 
/*=/<>  +  {/-(/-DK*K)k}(/-/0)or 

(42)  fk=f-(l-  DK*K)k(f  -  /o) 
and  the  proof  reduces  to  showing  that 

(43)  lim  ||(/-  DK*Kf(f  -  f0)\\  =  0. 

k-*oo 

Because/  -/0eK  the  series 


(44) 

is  convergent  and 

(45) 


X  |</-/o,»»>l: 


/-/o   =     X    </-/o>Un>«n- 


Then,  since  the  y„  are  eigenfunctions  of  K*K,  and  since  the  operator  (/  -  DK*K)k 
is  continuous, 


(46) 


(/  -  DK*Kftf  -/„)=!</-  /0,»,>(i  -  DK**)^ 

n  =  1 
=     I     </-/o.O(l    ~/VOV 


Assume  that  e  >  0  is  given.  Because  of  the  convergence  of  (44),  there  exists  N0 
so  large  that 


(47) 


X      |</-/o,OI2<£2/2. 

n  =  JV0+  1 


Since  0  <  knpn  <  2  by  hypothesis,  we  have 

(48)  |1  -  knpn\  <  1     for  all  n 

and 

X      |<(/-  DK*K)k(f-f0),vn)\2 


(49) 


=   x  ii-;--p.!"k/-/o.oi2 

^      X      K/-/o,OI2<e2/2, 
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where  inequality  (49)  holds  for  every  k.  On  account  of  the  strict  inequality  (48), 
there  exists  k0  so  large  that 

X  |<(/  -DK*KHf-f0),vn)\2 
(50) 

=    X  |1  -/npn|2"|</-/o,0|2<£2/2 

n  =  1       * 

for  all  k  >  k0,  since  the  sum  here  is  finite. 

Combining  (49)  and  (50)  and  noting  that  (/  -  DK*K)k  maps  V  into  V  gives 

X  |<(/  -  DK*Kf(J-f0),vn)\2 

<  e     for  all  k  >  kQ. 

In  Theorem  5  it  is  necessarily  true  that  limn_00A„pn  =  0  if  Xn  =  \/nl  -*  0  as 
n  ->  x  because  the  pn  are  bounded  by  hypothesis.  By  operating  on  v„  we  see  that 
\\I  —  DK*K\\  ^  1  if  the  nn  are  unbounded.  To  show  that  this  means  \\I  —  DK*K\\ 
—  1,  let  /  be  any  element  of  L2  and  project  /  as  /  =  Pvf  +  f1  =  f  +  f1,  /e  V, 
fLeVl.  Then 

||(/    -  DK*K)f\\2    =     X     l</.  Ol'  ■  |1    -   KPn\2    +    ll/1!!2 
n=  1 

^  I  K/,OI2+  ll/xll2=  ll/ll2- 

n=  1 

It  can  be  shown  that  if  ||/  —  DA'*K||  <  1  (a  condition  one  might  be  tempted  to 
impose  judging  from  the  appearance  of  (39)),  then  the  number  of  u„  (and  v„)  is 
necessarily  finite  and  DK*K  has  a  bounded  inverse.  A  proof  and  discussion  of 
this  result  for  the  general  compact-operator  case  is  given  by  Strand  [23]. 

Corollary  5.1.  Let  D  be  defined  as  in  (34)  where  0  <  p„vn  <  2  and  the  p„ 
are  bounded.  Let  f0l  and  f02  be  arbitrary  elements  of  V.  Then  for  the  sequences 
\fk\)k=  i  and  {fkz}  generated  by  (4)  with  starting  functions  f0l  and  f02,  respectively, 
we  have 

(52)  lim  ||/u  -fk2\\  =0 

fc-»oo 

Remark.  If  the  iteration  (4)  converges  to  /  for  one  starting  function  in  V,  it 
converges  to /for  any  other  starting  function  in  V.  Equation  (52)  is  valid  whether 
fkl  and/k2  define  separate  convergent  sequences  or  not.  Thus,  if  (4)  diverges  for 
any  starting  function  in  V,  it  diverges  for  all  starting  functions  in  V. 

Proof.  By  (39)  and  by  subtraction, 

{I  —  (I  —  DK*  K)k^l 
DK*K WK*[0-K{f01  -/02)]. 

Since  (53)  is  the  same  as  (39)  applied  to  Kf  =  0  with  a  starting  function  f0l  —  fQ2 
e  V,  and  since  for  this  equation  /  =  0,  (52)  follows  from  Theorem  5. 

Theorem  6.  Let  the  operator  D  be  defined  as  in  (34)  with  0  <  pnkn  <  2  for  all 
n,  and  suppose  that  the  sequence  {p„}  is  bounded.  Let  g  =  Pvg  +  g1  =  g  +  g1. 
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ge  U,  g1  e  U1,  where  g  <£  R(K).  Then  if  (4)  is  applied  to  Kf  =  g,  we  have  \\fk\\  ->  oo 
as  k  ->  oo. 

Proof.  By  Corollary  5.1  we  may  take /0  =  0  and  consider  the  sequence 

r       \  I  -  U  -  DK*K)k) 

54  jk  =  < \DK*g. 

{  DK*K  j         5 

Because  ge  U  by  hypothesis,  we  have 

00 

(55)  g=   X  <g,«„X 

n=  1 

and  by  condition  (a)  of  Picard's  theorem  (note  that  (b)  is  satisfied  by  any  element 
of  U),  the  series 

00 

<56>  I  l<g,«„>l2/<2 

n=  1 

diverges.  Substitute  (55)  into  (54): 

The  operator  {[/  -  (I  -  DK*K)k]/DK*K)DK*  is  bounded  and  therefore  con- 
tinuous for  every  finite  k,  as  it  has  the  form  P(DK*K)DK*.  where  P  is  a  poly- 
nomial of  degree  (k  —  1).  (The  norm  of  this  operator  can  be  expected  to  grow  with 
k.)  Thus  we  may  operate  termwise  in  (57)  to  obtain 

Substituting  (9)  un  =  nnKvn  and  noting  that  the  vn  are  eigenfunctions  of  K*K 
gives 

(59)  fk  =  £  [i  -d  -vxntniz,  «>„, 

n=  1 

valid  for  every  finite  k.  Let  A/  be  any  (large)  positive  integer.  Then  since  0  <  p,A, 
<  2,  i  =  1, 2,  •  •  •  ,  N,  where  the  inequalities  are  strict,  there  exists  kN  so  large  that 

[1  -(1  -p^f],  ••-,[!  -0  -P*V"] 
are  all  greater  than  1/2.  Thus,  for  k  7±  kN, 

II All2  ^  I  [i  -d  -p^/M^OI2 

n=  1 

*zl  rf\<g,u„>\2- 

4  n=  1 

Since  this  latter  series  diverges  (see  (56)),  it  follows  that  ||/j2  -*  oo  as  k  -*  oo. 
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Qualitative  remarks.  It  follows  from  Theorem  6  that  applying  the  iteration 
(4)  to  a  right-hand  side,  g  for  which  Pvg  $  R(K)  will  produce  unbounded  iterates 
fk  as  k  -»  oo  for  any  starting  function  /01  whatsoever.  By  Corollary  5.1  use  of  a 
different  starting  function  f02  will  give  iterates  that  become  indistinguishable  from 
those  resulting  from  fQi  for  large  k.  Recalling  that  the  L2-norm  of  a  function 
fsL2  is  J"q  [f(yj]2  dy  shows  that  the  functional  values  must  become  large  in 
absolute  value  for  large  k.  Thus,  if  Pvg  $  R{K),  absurd  results  can  be  guaranteed 
for  sufficiently  large  k.  For  this  reason,  difficulty  can  be  expected  as  k  -»  oo  if  the 
right-hand  side  of  (1)  has  been  contaminated  with  error.  In  practice,  this  will  be 
true  even  if  the  spectrum  is  not  infinite,  but  contains  some  large  fi„.  The  situation 
is  analogous  to  that  which  occurs  with  an  asymptotic  series.  In  spite  of  the  fact 
that/  becomes  infinite  as  k  ->  oo,  one  may  obtain  a  reasonable  estimate  of/  by 
properly  choosing  a  finite  value  of  k  together  with  an  appropriate  choice  of  D. 
In  fact,  if  the  resulting  estimate  approximates  a  truncated  Picard  series  for  which 
eigenfunctions  of  K*K  having  l//j.f  —  A,  <  a  are  excluded,  then  the  error  in  fk 
will  be  governed  by  inequality  (28)  and  a  useful  approximation  becomes  possible 
if  a  has  been  properly  chosen.  The  iteration  (4)  is  essentially  a  smoothing  process 
for  which  the  amount  of  smoothing  is  inversely  related  to  the  number  of  iterations. 

In  the  next  section  we  derive  a  method  for  approximating  a  Picard  series 
truncated  at  X  —  a  by  the  use  of  (4).  Such  an  approximation  has  an  added  ad- 
vantage of  not  requiring  the  calculation  of  any  singular  functions  un  or  v„. 

4.  "Shaping"  the  response  to  the  various  harmonics.  In  this  section  we  treat 
the  iteration  number  k  as  a  finite  positive  integer  and  develop  a  rational  method 
of  determining  the  operator  D.  Recall  our  assumption  that 

(34)  Dv„  =  pnv„,        0  <  p„X„  <  2, 

where  the  p„  are  bounded.  We  assume  for  convenience  that  Xt  =  1.  The  Picard 
series  for  Kf  =  g,  truncated  to  eliminate  all  Xn  such  that  X„  =  l/n*  <  a,  can  be 
written  as 

00 

(60)  X     <g'»„>/V>n=    X    <g>un>HnHaiK)Vn> 

where 

f  1,     X  >  a, 

(6D  HoM=\n 

10,     X  <  a. 

In  this  paper  we  use  an  extremely  simple  method  of  achieving  (34):  we  let 

(62)  D  =  F(K*K), 
where  F(X)  is  a  polynomial  or  rational  fraction  and 

(63)  0  <  XF(X)  <  2     for     0  <  X  ^  1. 
Then  D  complies  with  (34)  with 

(64)  pn  =  F(Xn),  '  n  =  1,2,---. 
Comparison  of  (59)  and  (60)  shows  that  a  truncation  at  Xn  =  a  is  achieved  for 
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all  k  ^  1  if  XF{X)  =  Ha(X)  and  that  (59)  will  approximate  (60)  for  a  given  k  if  the 
function 

(65)  Rk(X)  =  1  -  [1  -  XF(X)f,  0  <  X  ^  1 , 

approximates  the  Heaviside  step  function  Ha{X). 

In  a  forthcoming  paper  Crone  [4]  defines  a  numerical  filter  for  which  the 
filter  function  XF(X)  is  a  rational  fraction.  He  studies  a  filtering  process  analogous 
to  Twomey 's  method  [27]  and  does  not  study  iterative  procedures.  Mateer  [13] 
defines  the  smoothing  inherent  in  the  original  Twomey  method  [27]  by  an  analysis 
of  a  rational-fraction  response  with  no  iteration,  as  does  Twomey  in  a  later  paper 
[28].  In  the  present  paper  we  first  study  cases  in  which  XF{X)  is  a  polynomial,  and 
in  Example  4,  §  5,  we  study  the  iterated  Twomey  process  for  which  XF(X)  is  a 
certain  rational  fraction.  It  will  be  seen  that  many  choices  are  possible.  If  XF{X) 
closely  approximates  Ha(X),  then  the  desired  response  is  achieved  in  one  iteration  ; 
otherwise,  as  will  be  seen,  a  judiciously  chosen  polynomial  XF(X)  will  be  such 
that  the  response  is  improved  with  subsequent  iterations.  The  curve  defined  by 

(65)  completely  determines  the  singular-function  response  of  the  solution  after  k 
iterations  and  will  be  called  the  response  curve  after  k  iterations  associated  with 
D  =  F(K*K),  Now  for  any  fixed  k  (with  the  general  definition  (34)  of  D)  the 
effect  on  the  solution  of  the  harmonic  u„  will  become  negligible  as  X„  -»  0,  as  the 
corresponding  term  of  the  solution  has  magnitude  (see  (59)) 

(66)  !  1  -  [1  -  XnPnf)  ■  -L  =  kkll2pn  +  0(Xl12)  -  0 

as  Xn  -»  0,  since  the  pn  are  bounded.  Note  that  the  choice  of  the  polynomial 
XF(X)  does  not  depend  on  the  operator  K,  but  only  on  the  cutoff  value  a\  however, 
for  any  operator  K,  the  operator  function  F(K*K)  will  have  to  be  evaluated.  In 
the  matrix  case  the  computation  is  particularly  simple,  as  D  is  computed  by 
matrix  addition  and  multiplication,  and  the  matrix  DA '  is  formed  once,  where 
the  equation  to  be  solved  is  Af  =  g.  Then  DA7  is  repeatedly  used  in  the  iteration 

(67)  /k=/*-i  +DAT(g-Afk-{). 

Several  comments  about  the  practical  determination  of  XF(X)  and  the  re- 
sulting response  curve  Rk(X)  are  in  order. 

Figures  1  and  2  represent  response  curves  arising  from  the  same  polynomial 
XF(X),  but  drawn  with  two  different  abscissa  scales.  Figure  1  illustrates  the  fact 
that  any  oscillation  of  XF(X)  about  1  is  quickly  removed  in  the  response  curves 
for  subsequent  iterations.  When  the  response  appears  to  have  leveled  off  as  in 
Fig.  2,  k  —  25,  X  ^  0.007,  say,  then  Rk{X)  =  1  to  many  decimals.  For  a  given 
polynomial  XF(X),  the  choice  of  k  is  made  as  a  compromise  between  distortion 
of  desired  harmonics  (k  too  small)  and  too  much  response  to  unwanted  harmonics 
(k  too  large).  Since  the  exact  value  of  a  is  usually  not  critical,  a  rounded  cutoff 
in  Rk{X)  causes  no  difficulty  in  practice. 

Figure  3  illustrates  the  fact  that  XF(X)  should  not  be  negative  for  any  X  be- 
tween 0  and  I  unless  it  is  known  that  no  X„  =  I//*;;  lies  in  the  set  \X  :XF(X)  <  0] 
or  unless  a  very  small  number  k  of  iterations  is  contemplated  and  the  resulting 
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Fig.  1.  Response  curves  for  the  1th  degree  polynomial  obtained  using  a  =  0  in  (69) 
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Fig.  2.  Response  curves  for  /F(/)  as  in  Fig.  1 
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Fig.  3.  Response  curves  for  the  1th  degree  polynomial  obtained  using  a  =  0.5  in  (69) 

response  curve  is  satisfactory.  Clearly  the  response  curves  in  Fig.  3  deteriorate 
rapidly  as  k  is  increased.  Similar  considerations  would  apply  for  XF(X)  >  2;  how- 
ever, this  latter  situation  is  much  easier  to  avoid  in  approximating  Ha{X). 

Finding  an  optimum  polynomial  for  a  given  a  and  for  a  given  k  is  a  non- 
trivial  problem.  However,  satisfactory  polynomials  for  studying  the  response 
were  obtained  by  using  a  mean-square  approximation  to  Ha(X).  It  was  assumed 
that 


(68)  P(X)  =  XF(X)  =  a,A  +  a2X2  + 

and  the  criterion 


+  amX" 


(69) 


I    P2(X)dX  +  f   [1  -  P(X)]2dX  =  minimum 

Jo  J  a 


was  used.  An  ill-conditioned  coefficient  matrix  similar  to  Hilbert's  matrix  was 
encountered  in  solving  for  the  at.  This  matrix  was  inverted  analytically  by  using 
Cauchy's  theorem  for  determinants  [17,  p.  263].  Double-precision  programming 
was  used  for  all  numerical  work  presented  in  this  paper,  so  that  roundoff  errors 
can  be  ignored.  For  a  -» 0  in  (69),  a  useful  polynomial  is  obtained  for  small  a.  In 
fact,  the  polynomial  XF(X)  of  Figs.  1  and  2  was  obtained  in  this  manner.  The 
cutoff  value  of  Rk(X)  can  then  be  largely  controlled  by  adjusting  k.  For  larger  a 
(say  a  =  0.5),  (69)  gives  a  polynomial  which  is  negative  for  some  X  as  in  Fig.  3. 
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The  response  can  be  improved  by  squaring  XF{X)  or  raising  it  to  some  higher 
even  power  (see  Fig.  4).  The  resulting  operator  function  is  easy  to  implement  in 
the  matrix  case.  Care  must  be  taken  to  see  that  the  resulting  response  for  k  =  1 
does  not  approach  or  exceed  2  for  any  Xt. 
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Fig.  4.  Response  curves  resulting  from  replacing  kF(k)  by  [AFU)]4  for  the  conditions  of  Fig.  3 

A  study  of  optimum  response  polynomials  could  be  made,  and  tables  of 
coefficients  could  be  constructed,  but  this  has  not  yet  been  done.  In  the  next 
section  we  present  examples  illustrating  the  theory  and  methods  of  this  paper. 

5.  Examples. 

Example  1.  The  original  Landweber  iteration.  In  Landweber's  original 
iteration  [12],  we  have  D  =  /,  from  which 


(70) 


XFU)  =  X. 


The  response  curves  Rk(X)  are  plotted  for  k  =  1,  10,  20  and  50  in  Fig.  5.  It  is  clear 
that  if  high  order  harmonics  contribute  substantially  to  g  (equation  (20)),  then 
the  approach  of  Landweber's  original  iteration  to  a  reasonable  approximation  to 
/will  necessarily  be  extremely  slow. 

Example  2.  An  underdetermined  matrix  system.  Consider  the  linear  system 
defined  by 

Xj  -  0.1  x2  +  0.2  x3  =1, 

(71)  2x2  +0.1  x3  -0.1x4  =  2,      ' 

-O.lx,  +  0.01x2  +  0.03.\j  +  0.5.x4  =  1. 
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Fig.  5.  Response  curves  for  the  original  Landweber  iteration 

This  system  has  an  infinite  number  of  solutions;  however  the  finite  singular- 
function  approximations  to  the  vector  x  =  (x, ,  v2,  x3,  x4)T  are  easily  obtained. 


We  have  (after  normalization  obtained  by  dividing  both  sides  of  (71)  by  u  k 


k,  =  1       A,  =  0.260706 


k3  =  0.0617974  ■■-. 


The  projection  of  x  onto  the  algebraic  span  of  all  three  singular  vectors  (i.e.,  the 
pseudo-inverse  solution)  is 


(72) 


x,  =  1.011807332  • 
x3  =  0.482689377  • 


x2  =  1.083452084 
xA  =  2.151731062 


The  matrix  D  was  determined  from  the  7th  degree  polynomial  given  in  Figs.  1 
and  2.  After  20  iterations  agreement  with  (72)  was  obtained  to  19  decimal  places. 
This  is  the  expected  result,  as  the  response  curve  indicates  a  cutoff  of  harmonics 
far  below  0.0617  •■•  . 

The  projection  of  x  onto  the  first  singular  value  (i.e.  t\  for  which  k{  —  1)  is 


(73) 


x,  =  -0.0285144395  ■••  ,     x2  =  0.95899692417  • 


0.0419700695 


x.  =  -0.049156595  • 


The  polynomial  kF(k)  =  k20  was  used.  This  polynomial  has  unit  response  at 
k  =  1  and  has  small  response  for  smaller  k.  Clearly  the  best  response  to  obtain 
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SI  7 


the  projection  onto  r,  only  is  given  after  the  first  iteration.  Agreement  with  (73) 
to  10  decimals  was  achieved  for  k  =  1. 
The  projection  of  x  onto  the  first  two  singular  functions  is 


(74) 


Xj  =  0.9140919429  ■  •  ■  ,     x2  -  0.975574185  •  •  •  , 

x4  =  -0.111642995  ■■ 


x3  =  0.230338174  • 


The  polynomial  aF(X)  was  obtained  by  raising  the  15th-degree  polynomial  ob- 
tained from  (69),  a  =  0.22,  to  the  4th  power.  The  response  for  the  squared  poly- 
nomial is  indicated  in  Fig.  6.  Thus  the  polynomial  used  has  a  root  near  0.0617 
so  that  the  response  to  v3  is  small,  as  indicated.  After  20  iterations  agreement  with 
(74)  was  obtained  to  about  8  decimal  places. 


O.30L        0.4 


A 


Fig.  6.  Response  curie  obtained  by  squaring  AF(l)  as  obtained  Jrom  (69)  with  a  =  0.22.  degree  15 

In  practice,  of  course,  the  spectrum  of  the  operator  is  not  known,  but  this 
example  illustrates  the  correspondence  between  the  behavior  of  the  iteration  and 
its  response  curve. 

Example  3.  Consider  the  integral  equation  defined  by 


(75) 

where 

(76) 


T(x,y) 


Kf=  f    T(x,y)f(y)dy  =  g(x), 

Jo 

(1  -  x)y,    0  ^  y  ^x  g  1 


geL2[0,l], 


x(l  -  y),    O^x^y^l 
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(80) 


1/2 

=  l/v/12 


8  1  8  OTTO  NEALL  STRAND 

The  operator  K  defined  by  (75)  has  been  studied  by  Tricomi  [26,  §§3.10,  3.15]. 
He  shows  that  the  singular  values  and  functions  are  given  by 

(77)  l/(An)1/2  =  nn  =  n2n2 
and 

(78)  u„  =  v„  =  y/2sm(nnx),      0|x|l,     n=l,2,  ■■-. 

Consequently,    if   an  -  <g,  un}  =  Jl  jl0  g(x)  sin  nnx :  dx,    then    condition    (a)    of 
Picard's  theorem  (Theorem  1)  is  £nx= ,  n4a2  <  x.  The  results  given  below  follow 
from  Tricoini's  results  and/or  the  definition  of  T{x,  y). 
First, 

(79)  K*=K, 
that  is,  K  is  symmetric,  and 

f    f    T2(x,y)dxdy 

yo  Jo 

(see  (33)).  Any  function  g(x)  which  does  not  vanish  at  x  =  0  and  x  =  1  cannot 
belong  to  U  and  hence  is  not  an  element  of  R(K).  If  P(y)  is  a  polynomial 

(81)  P{y)  =  a0  +  axy  +  ■■■  +  a„yn, 
then 

(82)  (KP)(x)  =  bxx  +  b2x2  +  •••  +  bpx"  +  bp+lxp+1  +  bp  +  2xp  +  2, 
where 

(83)  bm= r^v  m  =  2, 3,  •■-,«  + 2, 

m(m  —  1 ) 

and 

p+2 

bi  -  "  I  fcy 

7=2 

If  we  consider  the  polynomial  P(y)  abstractly  as  a  (p  +  l)-tuple 

P  =  (a0,fli,  ••• ,  flp), 

then 

KP  =  (0,bl,b2,---,bp+2) 

is  a  (p  +  3)-tuple. 

The  objective  of  this  example  is  to  study  the  application  of  the  iteration  (4) 
to  a  certain  polynomial  Q{x)  given  below.  As  in  Example  1,  the  operator  D  is 
taken  as  the  6th-degree  polynomial  in  K*K  =  K2  resulting  from  XF(X)  as  defined 
in  Figs.  1  and  2.  It  would  appear  that  applying  operators  of  high  degree  in  K2  to 
a  given  polynomial  P(y)  would  cause  the  resulting  H-tuple  of  coefficients  to  be- 
come unmanageably  long;  however,  a  little  numerical  experimentation  (with  the 
help  of  a  computer)  shows  that  the  higher  order  coefficients  rapidly  become 
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small  for  the  images  of  high  powers  of  K.  It  was  therefore  practical  to  truncate 
all  p-tuples  of  coefficients  to  contain  no  more  than  a  certain  number,  pmax,  of 
components.  As  a  check,  pmax  was  varied  between  40  and  50;  there  was  no  sig- 
nificant change  in  the  result  after  10  iterations.  In  this  example  we  are  concerned 
with  the  polynomial 

(84)  g  =  Q(x)  =  ~(3  -  5x2  +  3.x4  -  .x5) 

in  (75).  First,  in  accordance  with  (33)  and  (80)  we  divide  by  1/^/12,  replacing  K 
by  K^/12  and  g  by  g^/12  in  (75).  It  follows  readily  upon  integration  by  parts  that 

(85)  g(x)  =  24^24  £  lnun(x), 

n=  1 

where  un(x)  is  given  by  (78)  and 

(86)  /„  =  [1  -(-l)"]/nV. 
Furthermore,  g  =  Kf,  where 

00 

(87)  f(y)  =  y~  2y3  +  y4  =  24^2  £  /„  •  n2n2vn(y). 

n=  1 

In  this  example  g  satisfies  Picard's  theorem.  The  polynomial  P(y)  has  been  chosen 
so  that  most  of  the  solution  is  contained  in  the  first  harmonic,  that  is,  to  a  fair 
approximation 

96 

(88)  /(v)  =  -jSinTrv. 

Note  that  for  the  system  presently  being  considered, 

(89)  Xn  =  12/»47r4  =  l/n2n. 

The  L2-norm  of  any  polynomial  h(y)  =  ^'fi^  is  easily  computed  from  the 
formula 

(90)  \\h\\2  =  £    t  afij/(i+j+  1). 

i  =  0  j  =  0 

All  formulas  were  implemented  in  a  double-precision  computer  program. 
For  the  error-free  right-hand  side  g  we  obtained 

llgjl  =  0.077857023200967 

(91)  /107      4U/2 

H/ll  =  0.221825041882897  •  •  •  = 

\ 126       5/ 

To  generate  error  functions  £,  random  numbers  were  generated  and  added  to  the 
coefficients  of  1,  x,  •  ■  ■  ,  x6  in  (84).  The  resulting  error  norm  |je||  was  computed 
from  (90). 

In  order  to  obtain  the  projections  of  the  perturbed  right-hand  sides  onto  (7, 
the  following  recursion  formula  (easily  derived  by  integration  by  parts)  was  used  : 

(92)  <.x\u„>  =  (x,u„y  -  ^^(x"-2,^),  k  =  2,3,  ••■  , 
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where 


and 


<*."„>  = 


v/2(-l)n+: 


Ml 


<1,U„>  =- [1 

Ml 


(-1)"] 


The  projections  of  given  polynomials  were  then  computed  by  linear  superposition 
of  the  results  of  (92).  As  a  check,  agreement  with  (85)  was  noted  for  ||e||  =  0. 
Typical  results  of  the  singular-function  projections  and  corresponding  truncated 
Picard-series  solutions  are  summarized  in  Table  1.  In  rows  1  to  4  of  this  table, 
the  following  coefficient  errors  were  used  to  define  £ : 


(93) 


Aa0  =   1.0931587909  x  10"3, 
Aa,  =  -7.5369385118  x  10"4, 
Aa2  =   1.6284123052  x  10~3, 
Ad,  =  -2.6160019297  x  10-3, 


AaA  =  1.6763942336  x  10-3, 
Aa5  =  2.8982549939  x  10-4, 
Aa.  -  6.7137026479  x  10-4. 


Table  1 
Singular-function  projection  errors  for  Tricomi's  example 


Remainder 

Error 

Actual 

Sum  of 

Estimate 

Error 

< 

N 

A*  =  l/ti 

Squares 

(28) 

11/- All 

♦1.1100  -  3 

1 

1.23918  -  1 

8.3853  -  7 

3.29  -  3 

2.73  -  3 

1.1100  -  3 

2 

7.6995  -  3 

8.3853  -  7 

1.27  -  2 

2.84  -  3 

1.1100  -  3 

3 

1.5209  -  3 

5.2293  -  9 

2.85  -  2 

1.08  -  2 

1.1100  -  3 

49 

2.1370  -  8 

1.3913  -  18 

7.59 

0.64 

1.1100  -  2 

1 

1.23918  -  1 

8.3853  -  7 

3.15  -  2 

2.57  -  2 

8.6936  -  4 

I 

1.23918  -  1 

8.3853  -  7 

2.64  -  3 

1.59  -  3 

1.2659  -  4 

2 

7.6995  -  3 

8.3853  -  7 

1.71  -  3 

1.13  -  3 

3.0348  -  3 

1 

1.23918  -  1 

8.3853  -  7 

8.67  -  3 

6.96  -  3 

•  1.1 100  —  3  denotes  I  1 100  x  10    !  and  similarly  for  other  numbers  in  this  table. 

The  coefficient  errors  for  the  results  reported  in  the  fifth  row  of  Table  1  are  exactly 
10  times  those  reported  above.  The  reason  for  the  slight  lack  of  proportionality 
in  the  reported  errors  is  that  these  quantities  contain  both  truncation  error  and 
error  propagated  through  the  solution.  As  a  check  on  the  program,  proportion- 
ality of  changes  in  both  the  projected  unknown  and  the  result  of  (4)  after  10 
iterations  to  a  direct  error  magnification  was  observed. 

Table  2  presents  typical  results  of  the  iteration  and  indicates  the  correlation 
between  the  residual  norms 

(94)  ||(g  +  e)  -  Kfk\\  =  |M 

and  the  errors  \\f  —  fk\\  after  k  iterations.  The  results  show  a  behavior  quite 
similar  to  that  of  the  error  in  an  asymptotic  series:  at  first  the  error  decreases; 
then  it  reaches  a  minimum,  and  finally  it  increases  as  the  residuals  are  decreased. 
Similar  behavior  was  also  observed  for  the  truncated  Picard  series  and  the  error 
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Table  2 

Error  norms  \\f  —  fk\\  and  residual  norms  \\rk\\  relative  to  g  +  £  for  selected  iteration  numbers 

and  randomly  chosen  error  functions  £ 


Hell 

=  0 

INI  =  2 

60  -  3 

Hell  =  1 

11-3 

Iteration 

number,  k 

II  /-All 

I'll 

11/  -All 

IWI 

ii/ -All 

II  Ml 

1 

*2.64  -  2 

9.25  -  3 

2.03  -  2 

9.15-3 

2.92  -  2 

9.38  -  3 

2 

3.24  -  3 

1.10  -  3 

9.99  -  3 

1.82  -  3 

7.21  -  4 

1.28  -  3 

3 

8.76  -  4 

1.34  -  4 

8.46  -  3 

1 .42  -  3 

3.06  -  3 

6.39  -  4 

5 

7.20  -  4 

2.80  -  5 

1.08  -  2 

1.34  -  3 

3.11  -  3 

6.02  -  4 

10 

5.67  -  4 

2.20  -  5 

1.45  -  2 

1.24  -  3 

4.54  -  3 

5.57  -  4 

15 

4.47  -  4 

1.73  -  5 

1.72  -  2 

1.18  -  3 

5.95  -  3 

5.26  -  4 

20 

3.53  -  4 

1.36  -  5 

1.95  -  2 

1.14  -  3 

7.16  -  3 

5.04  -  4 

25 

2.80  -  4 

— 

2.14  -  2 

— 

8.18  -  3 

— 

Hell  =6.17-4 

||£||  =  1.11-2 

I|e||  =  1.27-4 

Iteration 

number,  k 

ii  /-An 

II  Ml 

11/ -An 

II  Ml 

ii/ -An 

IIMI 

1 

2.77  -  2 

9.32  -  3 

5.53  -  2 

1.21  -  2 

2.61  -  2 

9.24  -  3 

2 

1.98  -  3 

1.19  -  3 

2.43  -  2 

6.33  -  3 

3.50  -  3 

1.10-3 

3 

1.68  -  3 

4.54  -  4 

2.99  -  2 

6.09  -  3 

1.00  -  3 

1.50  -  4 

5 

1.64  -  3 

4.18  -  4 

3.48  -  2 

5.88  -  3 

1.07  -  3 

6.97  -  5 

10 

2.72  -  3 

3.85  -  4 

4.95  -  2 

5.47  -  3 

1.17-3 

6.68  -  5 

15 

3.76  -  3 

3.63  -  4 

6.30  -  2 

5.19  -  3 

1.23  -  3 

6.54  -  5 

20 

4.63  -  3 

3.48  -  4 

7.45  -  2 

4.99  -  3 

1.28  -  3 

6.43  -  5 

25 

5.37  -  3 

— 

8.42  -  2 

— 

1.33  -  3 

— 

•  2.64  -  2  denotes  2.64  x  10  " !  and  similarly  for  other  numbers  in  this  table. 
Note:  Omitted  entries  were  not  computed 


bound  (28).  In  this  example,  at  least,  the  solution  would  not  be  far  from  optimum 
if  the  iteration  were  stopped  at  the  smallest  value  of  k  for  which  the  residual 
norm  (94)  is  less  than  ||e||  in  accordance  with  procedure  I,  §2.  The  case  e  —  0  is 
interesting.  The  error  in  /  after  several  iterations  remains  comparable  in  size  to 
that  resulting  from  an  expansion  for  N  —  1  (this  error  is  the  square  root  of  the 
remainder  series).  This  is  because  the  expansion  (87)  contains  only  odd  terms,  so 
that  the  next  lower  effective  eigenvalue  for  the  response  is  0.0015209.  Reference 
to  Fig.  2  shows  that  the  response  to  the  corresponding  eigenfunction  is  only 
starting  to  appear  after  25  iterations.  The  inequality  (21)  was  also  verified  by 
summing  49  terms  for  this  example.  The  difference  between  the  two  sides  of  (21) 
depends,  of  course,  on  the  extent  to  which  the  error  function  e  is  orthogonal  to 
U.  The  removal  of  error  components  orthogonal  to  U  in  the  iteration  is  illustrated 
by  the  fact  that  all  iterated  solutions  fk  vanish  for  y  =  0  and  y  =  1.  Finally,  we 
emphasize  that  this  example  is  quite  special  in  that  the  solution  is  mainly  con- 
centrated in  the  first  eigenfunction;  in  practice  one  would  not  expect  to  be  so 
fortunate.  However,  it  illustrates  the  concepts  involved  for  a  true  integral  equation 
rather  than  a  matrix  approximation. 
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Example  4.  The  iterated  Twomey-Tikhonov  solution.  In  the  matrix  case  an 
inversion  is  often  easily  performed  provided  that  the  matrix  to  be  inverted  is 
well-conditioned.  If  the  given  system  has  the  matrix  form 


we  may  set 


Af  =  g 


D  =  (ATA  +  yiy 


where  y  >  0.  In  this  case  the  first  iteration  (4)  with  starting  vector  /0  gives  exactly 
the  same  solution  as  Twomey's  method  [27]  with  trial  vector  /0.  For  this  choice 
ofD, 


XF(A)  = 


X 


y  +  X 


and  the  resulting  response  curve  (65)  is 


(95) 
From  this, 


Rk(X)  =  1 


1  - 


X 


X  +  y 


\y  +  X 


Pn 


K    +    / 


n  =  1,2, 


which  is  in  compliance  with  (34).  It  follows  from  Theorem  5  that  if  f0  e  V,  then 
the  iteration  converges  to  the  least  squares  solution  of  minimum  norm  of  Af  =  g 
whenever  it  exists,  irrespective  of  the  choice  of  y.  For  a  given  y  and  k  we  may 
get  an  approximate  value  for  the  resulting  cutoff  value  a  by  setting  Rk(a)  =  \ 
and  solving  for  a.  This  gives 

0.69y 


(96) 


a  =  (2llk  -  1)7 


for  large  k. 


Note  that  a  is  directly  proportional  to  y  for  a  fixed  iteration  number  k.  For  k  =  1 
we  have  a  —  y.  If  the  desired  cutoff  value  is  known,  as  in  (29),  we  can  choose  y 
somewhat  larger  than  the  given  a  and  then  iterate  enough  to  bring  the  response 
up  to  1  for  the  harmonics  to  be  retained  and  to  bring  a  as  computed  from  (96) 
down  to  the  desired  value.  Some  typical  response  curves  for  y  =  0.05  are  shown 
in  Fig.  7  for  0  ^  X  ^  0.2. 

The  iterated  Twomey-Tikhonov  solution  was  applied  to  the  matrix  case  of 
Example  1,  using  y  =  0.05,  as  in  Fig.  7.  Agreement  with  the  pseudo-inverse 
solution  was  obtained  to  6  places  after  20  iterations,  to  10  places  after  30  iter- 
ations, and  to  12  places  after  40  iterations.  These  results  appear  to  be  in  agree- 
ment with  the  response  indicated  in  Fig.  7.  Faster  convergence  to  the  pseudo- 
inverse  solution  could,  of  course,  be  obtained  by  using  a  smaller  value  of  y.  Finally, 
we  note  that  Shaw  [20]  has  proposed  a  statistically-motivated  generalization  of 
the  iterated  Twomey-Tikhonov  process. 

Summary.  The  iteration  method  of  Landweber  has  been  generalized  to  pro- 
vide a  "shaped,,  response  with  respect  to  the  singular  functions  of  the  operator. 
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0.04  0.08  0. 12 

X 

Fig.  7.  Response  curves  for  the  iterated  Twomey-Tikhonov  process,  y  =  0.05 


0.2 


This  shaped  response  provides  a  method  of  smoothing  by  approximating  a 
truncated  Picard-series  solution  of  the  integral  equation  of  the  first  kind.  The 
relevant  theory  has  been  developed  as  needed,  and  several  examples  have  been 
given.  The  type  of  analysis  presented  here  is  recommended,  when  applicable,  in 
preference  to  empirical  usage  of  iteration  schemes  with  no  assurance  as  to  their 
true  behavior  with  respect  to  the  unknown.  The  method  of  Twomey  [27]  can  be- 
treated  as  a  special-case  first  iteration,  as  is  shown  in  Example  4.  The  use  of 
polynomial  response  curves  eliminates  any  need  for  operator  inversion,  but  in 
the  matrix  case,  at  least,  this  may  not  always  be  a  great  advantage.  The  pseudo- 
inverse  matrix  solution  to  an  underdetermined  system  of  linear  equations  can  be 
obtained  by  the  method  given  here,  as  is  indicated  in  Examples  2  and  4. 
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EXPECTED  ACCURACY  OF  TROPOPAUSE  HEIGHT  AND  TEMPERATURE 
AS  DERIVED  FROM  SATELLITE  RADIATION  MEASUREMENTS 


Otto  Neall  Strand 
NOAA/ERL 


This  report  presents  a  numerical  simulation  study  of  the  accuracy  to 
be  expected  in  determining  the  height  and  temperature  of  the  tropopause  from 
infrared  radiation  data  obtained  by  satellite  with  the  Vertical  Temperature 
Profile  Radiometer  (VTPR).  Two  methods  of  analysis  are  used.  First,  Backus- 
Gilbert  averaging  kernels  are  constructed  and  the  inherent  resolution  of  the 
integral-equation  inversion  program  is  thereby  determined.  Then  a  statist- 
ical regression  study  is  made  to  determine  the  extent  to  which  the  tropopause 
parameters  can  be  recovered  as  functions  of  eight  radiances.  Numerical 
results  are  presented  for  height  resolution  and  various  regressions. 
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A  GENERALIZED  INVERSION  PROGRAM 
Ed  R.  Westwater  and  Otto  Neall  Strand 

ABSTRACT 

A  generalized  inversion  computer  program  is  described  for  deriving  a 
profile  (i.e.,  a  vector  of  functional  values)  from  a  finite  set  of  imperfect 
measurements.  The  program  assumes  the  observations  are  related  to  the  pro- 
file by  a  nonlinear  first  kind  operator  equation.  The  method  of  solving  the 
nonlinear  equations  is  to  iterate  the  solution  of  their  linear  approximation. 
Linear  equations  can  be  solved  with  this  method  in  one  iteration.  The  pro- 
gram described  here  uses  either  the  Backus-Gilbert  technique  or  the  general- 
ized Landweber  inversion  technique  to  solve  the  linear  approximation  at  each 
stage  of  the  iteration  process.  The  computer  programs  described  here  are 
available  from  the  authors  on  request. 
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BEAM  PATTERN  MEASUREMENTS  FOR  LARGE  ACOUSTIC  ANTENNAS 


B.  C.  Willmarth,  E.  H.  Brown, 
J.  T.  Priestley,  and  D.  W.  Beran 
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1.      INTRODUCTION 

Remote  sensing  of  the  clear  atmosphere 
with  acoustic  devices  has  become  an  increasingly 
valuable  method  for  a  variety  of  research  and 
operational  tasks.   The  recent  development  of  the 
atmospheric  echosonde  has  evolved  from  rudimentary 
equipment  to  sophisticated  antenna-computer 
combinations.   Each  stage  of  the  development  of 
the  echosonde  has  added  to  the  realization  that 
the  antenna  is  the  system  component  which  often 
places  the  most  severe  limitations  on  maximum 
performance.   Following  a  discussion  of  the 
importance  of  good  beam  pattern  measurements  and 
consideration  of  some  practical  and  theoretical 
problems,  we  present  a  method  for  rapidly  making 
accurate  in  situ  beam  pattern  measurements.  Some 
effects  of~~poor  beam  patterns  are:  loss  of  accuracy 
in  positioning  targets  (and  consequent  inaccuracies 
in  resolving  Doppler  vectors),  degradation  of 
signal-to-noise  ratios,  and  increased  interference 
introduced  through  minor  lobes. 

Recent  experimental  testing  of  a  Doppler 
echosonde  wind  measuring  system  at  an  airport 
site  using  the  antenna  configuration  shown  in 
Figure  1  (Beran  1974;  Beran  et  al.  1974)  stressed 


the  importance  of  the  antenna.  Results  from  this 
bistatic  wind  measuring  system  suggested  that  success 
depended  on  careful  control  of  both  transmitter  and 
receiver  beams  through  proper  design.   Achievement 
of  optimum  beam  shape,  output  power,  and  signal- 
to-noise  ratio  required  large  antennas  - 
approximately  3  meters  in  diameter.   Emplacement 
of  the  antennas  in  bunkers  with  openings  flush 
with  the  surrounding  terrain  (Figure  2)  brought 
additional  improvement  by  reducing  the  effect  of 
wind  noise  and  ambient  background  in  the  sidelobes. 
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Figure  2.   Bunker  installation  with  a  horn 
reflector  antenna 

The  development  of  a  large  10  x  10  meter  acoustic 
array  for  atmospheric  research  at  80  Hz  encountered 
similar  problems.  The  size  of  these  antennas  pre- 
cludes the  use  of  laboratory-type  beam  pattern 
measurements,  and  interaction  with  rough  terrain 
prevents  sufficiently  accurate  theoretical  calcula- 
tions. 

The  directivity  index  (or  antenna  gain 
factor)  alone  is  not  adequate  for  good  system 
design,  because  it  gives  little  information  about 
minor  lobe  structure.   Total  beam  patterns  have 
typically  been  measured  by  aiming  the  antenna 
horizontally  and  making  farfield  measurements 
(Hall  and  Wescott,  1974).   (Where  possible,  this 
was  done  across  a  small  valley  to  reduce  ground 
effects.)   Some  large  antennas  now  in  use  or  under 
development  are  set  on  the  ground  or  in  bunkers. 
Not  only  are  they  too  large  (4  to  10  meters  in 
diameter)  to  be  tilted  to  a  horizontal  position, 
but  the  ground  is  an  effective  part  of  the  antenna 
and  its  contributions  to  the  total  pattern  must  be 
known . 

In  principle,  a  complete  set  of  careful 
nearfield  measurements  of  both  amplitude  and 


Figure  1.   Multi -transmitter  bistatic  antenna 
configuration  (Beran  et  al.,  1974) 
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phase  determines  the  farfield  beam  pattern  of 
intensity.   Computer  programs  are  available  to 
make  such  determinations  in  the  laboratory.   How- 
ever, the  cost  of  a  portable  system  which  could 
measure  echosonde  antennas  in  the  field  would  be 
prohibitively  expensive.   Therefore,  a  continuing 
need  exists  for  practical  methods  for  direct  field 
measurements  of  farfield  beam  patterns  of  echo- 
sonde antennas.   Among  specifications  for  such  a 
system  are:   provision  for  adjustments  of  probe 
location  to  a  number  of  known  positions  in  the 
farfield  pattern,  a  minimum  of  supporting 
structures  that  might  produce  interference  or 
standing  waves,  and  easy  portability  for  moving  to 
various  antenna  emplacement  sites. 

2 .      THEORY 

2.1     Farfield.   Custom  divides  the  field  of 
antenna  into  three  regions:   the  nearfield,  the 
transition  regions,  and  the  farfield.   Fresnel 
diffraction  predominates  in  the  nearfield,  and 
Fraunhofer  diffraction  in  the  farfield.   The 
transition  region  extends  roughly  four  times  the 
length  of  the  nearfield.   The  equation  L  =  kD2/X, 
with  L  the  pathlength,  D  the  antenna  diameter,  and 
X  the  acoustic  wavelength,  defines  the  beginning 
of  the  farfield.   The  conventional  choice  k  =  2 
permits  a  22.5°  variation  in  phase  over  an  antenna 
in  a  receiving  mode.   Differing  applications  may 
indicate  other  appropriate  choices.   Here,  the 
large  sizes  and  distances  involved  have  suggested 
the  choice  k  ■  1,  corresponding  to  a  maximum  phase 
variation  of  45°. 


2.2 


Turbulence  Effects.   The  real  atmosphere 


is  almost  always  turbulent  causing,  in  turn, 
random  fluctuations  of  the  acoustic  refractive 
index.   The  resulting  perturbations  in  an  echo- 
sonde system  constitute,  at  the  same  time,  signal 
and  noise:   sound  scattered  out  of  the  beam 
carries  information  on  the  turbulence  in  the  layer 
under  study;  the  perturbations  in  the  echosonde 
beam  by  intervening  turbulence  contaminate  the 
desired  signal.   The  effects  of  the  intervening 
turbulence  appear  in  two  ways:   smearing  of  the 
beam  energy  in  space  -  that  is,  beam  spreading; 
and,  smearing  in  time  -  that  is  random  roughening 
of  the  phase  surfaces.   Since  Brown  and  Keeler 
(1975)  study  the  latter  effect  in  another  article 
in  these  Proceedings,  this  paper  considers  only 
the  beam  spreading  (other  than  in  assuming  the 
existence  of  a  phase  coherence  length  pQ) . 

A  piston  source  gives  a  simple,  instruc- 
tive model  for  understanding  the  behavior  of  more 
complicated  antennas.   Such  a  source  has  a  beam 
power  pattern  dependent  on  the  function 
(2Jj(kr)/kr)2,  with  k  =  2tt/A  the  wave  number  and 
r  the  radius  of  the  antenna.   Then,  the  half-power 
points  lie  at  the  beam  half-angle  6  =  0.305A/r. 
In  the  absence  of  turbulence,  any  increase  in  the 
antenna  radius  r  produces  a  decrease  in  the  beam 
half-angle  9,  and  increases  the  signal-to-noise 
ratio  by  lowering  the  amount  of  ambient  noise 
received  from  side  lobes. 

Early  work  of  Tatarskii  (1961)  and  Fried 
(19o7)  suggested  that  the  addition  of  turbulence 


spoiled  the  simple  picture  above,  and  that  a 
limiting  antenna  diameter  existed  for  which 
Increases  in  diameter  would  not  lower  the  beam 
width  or  increase  the  signal-to-noise  ratio.   How- 
ever, later  work  of  Lutomirski  and  Yura  (1971) 
showed  that  this  was  unduly  restrictive  -  that  for 
path  lengths  within  some  critical  distance  Z  , 
increasing  antenna  diameters  would  always  improve 
beam  patterns  and  signal-to-noise  ratios. 

Because  of  the  obvious  importance  of  the 
critical  distance  Z  in  echosonde  antenna  design, 
we  calculate  some  typical  values  for  this  para- 
meter.  For  typical  vertical  atmospheric  echosonde 
beams  the  calculation  becomes  more  complicated 
than  that  of  Lutomirski  and  Yura  (1971)  for 
homogeneous  turbulence  due  to  the  variation  of  the 
refractive  index  structure  constant  Cn  with  height. 
In  an  obvious  extension  of  their  work,  we  write 
for  the  critical  distance  for  a  beam  observed  at  a 
height  Z  above  a  transmitter  on  the  ground 

Z 


-1  2  2 

Z    =  0.066  it  k 
c 


kf 


ds  C   (s) 
n  v  ' 


I    die  k  Ik 


4tt2/Lo2(s)^ 


-11/6 


(1) 


where  L  (s)  is  the  outer  scale  of  turbulence. 
Using  the  order-of-magnitude  approximations 
Cn2(s)  =  Cn02  s-4/3  and  L0(s)  =  s,  where  Cno2  is 
the  structure  constant  at  one  meter,  gives 


10-6  f2ZI/3  C  2 


Zc-1  =  4.679  x  10"°  f^Z1/^  Cnoz  (2) 

where  f  is  frequency,  and  sound  velocity  was  taken 
as  340  m/s.  A  typical  maximum  value  of  C  2  is 
C  2  =  10"6  m~2'*.     Then,  for  Z  =  1  km,  an"8  for 
four  typical  frequencies  covering  the  ordinary 
range  of  echosonde  use,  the  critical  distance  Z 
becomes  as  shown  in  the  following  table: 

TABLE  1 

f(Hz)  Zc(m) 

500  85,470 

1000  21,372 


2000 


4000 


5,343 
1,336 


Clearly,  the  beam  spreading  effects  of  turbulence 
on  optimum  antenna  diameters  will  not  be  limiting 
for  echo  sounding  within  the  atmospheric  boundary 
layer.   As  mentioned  earlier,  the  effects  of 
phase  coherence  length  are  studied  elsewhere. 

3.     INSTRUMENTATION  AND  TECHNIQUES 

Instrumentation  for  making  beam  pattern 
measurements  consists  simply  of  a  microphone  and 
associated  sound  level  indicator,  and  a  mechanical 
support  and  positioning  system  for  the  probe.   The 
probe  might  be  either  the  sound  source  or  the  micro- 
phone, the  latter  being  preferred.   The  sound 
source  should  be  capable  of  either  tone-burst  or 
continuous  operation,  and  an  oscilloscope  should 
be  available  to  observe  the  microphone  output. 
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Figure  3  illustrates  the  basic  probe- 
support  system  used  in  a  measurement  at  WPL.   If 
the  distance  from  the  antenna  (A)  to  the  probe 
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Figure  3.   Schematic  of  basic  probe-support  system 
used  at  WPL 

(P)  is  called  "L",  then  anchor  points  X,  Y,  and  Z 
are  at  distance  L  from  the  antenna.   The  constant 
length  tethers  X-P  and  Y-P  will  each  be  1.41  x  L 
in  length.   A  fourth  line,  opposite  line  Z-P,  may 
be  needed  to  keep  tension  on  the  variable  length 
tether  when  the  probe  approaches  the  zenith. 
The  symetrical  configuration  described  here  was 
primarily  used  for  convenience  of  calculating  the 
position  of  the  probe.  There  is  no  reason  why  an 
asymetrical   arrangement  could  not  be  used  for 
measuring  other  portions  of  a  beam  pattern. 
Tethering  the  balloon  at  some  distance  above  the 
probe  serves  two  purposes.   First,  it  permits  some 
lateral  drift  of  the  balloon  in  light  breezes 
without  seriously  disturbing  the  position  of  the 
probe.   If  the  mean  wind  is  strong  enough  to  make 
the  balloon  unmanageable  it  will  also  cause  large 
fluctuations  in  acoustic  signal  level  over  a  fixed 
path,  and  for  these  reasons  measurements  should  be 
made  under  calm  weather  conditions.   Second,  it 
reduces  interference  caused  by  sound  reflected 
from  the  balloon.   These  two  purposes  are  best 
served  by  a  long  line  from  probe  to  balloon,  but 
a  long  line  also  places  the  balloon  at  a  high 
angle  to  the  antenna  when  the  probe  is  at  a  low 
angle.   If  the  antenna  has  high  directivity  the 
balloon  would  then  be  in  a  much  stronger  sound 
field  than  the  probe,  and  sound  reflected  from  it 
may  then  become  a  significant  source  of 
interference. 

At  this  time  not  enough  is  known  about 
reflections  from  balloons  to  accurately  predict 
the  strength  of  this  interference.   It  is  there- 
fore desirable   to  observe  the  microphone  output 
on  an  oscilloscope  while  driving  the  source  with 
short  tone-bursts.   The  strength  of  the  echo 
signal  can  then  be  compared  with  the  strength  of 
direct  pulse.   If  the  echo  is  20  dB  below  the 


direct  signal  (one  tenth  the  amplitude)  it  can 
cause  ±  1  dB  error,  and  amplitude  scintillation 
caused  by  other  atmospheric  effects  often  exceeds 
this.  The  microphone  used  in  our  experiment 
was  omnidirectional.  A  directional  microphone 
may  reduce  interference,  but  care  must  be  taken  to 
keep  it  aimed  at  the  antenna. 

A  test  of  this  technique  was  made  at  WPL 
in  1974  using  a  transmitting  antenna  with  a  1.2  m 
aperture.  The  microphone,  suspended  20  m  below 
a  balloon,  was  fixed  in  an  arc  of  20  m  radius. 
A  wave  analyzer  band-pass  filtered  and  rectified 
the  output  of  the  microphone  preamp.  The  log  output 
of  this  wave  analyzer  was  then  recorded  on  strip 
charts.   While  operating  the  transmitter  in  the 
tone-burst  mode,  the  probe  was  swept  through  an 
arc  from  zenith  to  horizon.   Since  no  significant 
echoes  were  observed  on  a  monitor  oscilloscope, 
measurements  were  continued  in  the  CW  mode. 

4.      RESULTS 

A  polar  plot  of  the  beam  pattern  resulting 
from  measurements  made  at  2000  Hz  is  shown  in 
Figure  4.   The  variable  tether  line  (PZ  in  Figure 
1)  was  fixed  at  =  3  m  increments.   The  points  with 
error  bars  represent  the  measurements  recorded  at 
each  of  these  fixed  positions.   The  variable 
tether  line  was  then  released  at  a  controlled  rate 
and  the  resulting  probe  sweep  was  recorded.   The 
solid  line  in  Figure  4  was  taken  from  the 
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Figure  4.   Acoustic  antenna  beam  pattern  obtained 
with  system  shown  in  Figure  3 
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controlled  sweep  data  by  interpolating  between  the 
levels  recorded  at  the  fixed  positions.   Since  the 
antenna  is  not  of  a  very  sophisticated  design,  the 
beam  pattern  is  only  moderately  good  -  dropping 
only  40  dB  at  90  degrees.   However,  the  results 
are  approximately  as  expected  from  previous 
antenna  measurements.   We  expect  the  application 
of  the  method  to  larger  and  more  carefully 
designed  antennas  to  give  much  sharper  beam 
patterns.   Clearly,  however,  use  of  this  beam 
pattern  measuring  method  can  become  of  utmost 
importance  in  c-valuating  and  modifying  various 
antenna  designs. 
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We  have  developed  an  inexpensive 
effective  and  sufficiently  accurate  method  for 
measuring  the  beam  patterns  of  large  echosonde 
antennas  in  situ  (thus,  including  automatically, 
effects  of  surrounding  terrain).   In  brief,  the 
method  consists  of  moving  a  microphone  probe, 
controlled  by  a  system  of  a  supporting  balloon 
and  fixed  and  variable  tethers,  through  a  precise 
arc  in  the  farfield  of  the  antenna. 
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COMPUTER  PROGRAMS  FOR 
MULTIDIMENSIONAL  SPECTRA  ARRAY  PROCESSING 

Jessie  M.  Young  and  Wayne  A.  Hoyle 

ABSTRACT 

We  have  combined  a  number  of  Fortran  routines  to  phase-steer  and  process 
outputs  from  a  planar  array  of  sensors.  The  array  is  used  as  an  analyzer  to 
obtain  an  array-enhanced  plane-wave  signal  estimate  and  spectra  as  a  function 
of  frequency  and  spatial  frequencies  and  to  follow  variations  as  the  chosen 
analyzing  time  segment  is  advanced.  The  programs  feature: 

(1)  Near  optimum  use  of  Fast  Fourier  Transform  (FFT)  techniques  to  com- 
pute correlations,  convolutions,  and  steered  array  signal  spectra. 

(2)  An  algorithm  to  obtain  power  density  in  the  phased  array  signal 
from  K  sensors  in  K  summation  terms  that  is  equivalent  to  the  (K-l)  K/2  terms 
necessary  with  pairwise  cross-correlations. 

(3)  A  wide  choice  of  frequency  bandwidths  within  the  Nyquist  interval. 
If  the  entire  Nyquist  band  is  chosen,  results  are  equivalent  to  time-domain 
cross-correlation  processing. 

(4)  Presentation  of  results  in  the  form  of  microfilm  plots  that  facili- 
tate quantitative  and  qualitative  deductions  about  the  three-dimensional 
spectra  of  the  input  data  and  how  they  change  with  time. 

The  programs  were  originally  developed  to  process  pressure  signatures  from 
wide-band  transient  infrasound  in  frequency  bands  where  dispersion  is  rela- 
tively small.  They  have  also  proved  useful  for  processing  atmospheric  grav- 
ity waves.  The  methods  should  be  potentially  useful  for  the  analysis  of 
electromagnetic  waves  as  well  as  sound  and  gravity  waves  in  the  atmosphere 
and  the  oceans. 
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